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FOREWORD

Contract No. NAS 9-2115 was awarded to Texas Instruments
Incorporated on September 30, 1963, The award was based on evaluation
of a proposal submitted by Texas Instruments in response to RFP No. MSC-
63-713p issued by the NASA Manned Spacecraft Center on June 24, 1963,
The program was undertaken to determine optimum measurements, experi-
ments and geologic studies to be made on the lunar surface during early
APOLLO missions. Primary consideration has been given the following
phenomena and properties: gravitational, magnetic and electrical fields;
seismicity; distance and location (planimetric and elevational position);
composition and age of lunar features and material; geochemical and
geonuclear properties; rheologic and soil mechanics properties; surface
geometry (macro- and micro-relief); temperature and thermal conductivity;
stratification and density; and radiation, particle and micrometeoroid flux.
Arthur D, Little, Inc. (ADL) was employed as a subcontractor to assist in
the study of thermal, micrometeoroid, chemical reactivity, and radiation
properties and phenomena,

The subject contract provided for a multidiscipline effort
extending over a ten-month period, Dr. Jack R. Van Lopik and Dr, Richard
A. Geyer were assigned technical responsibility for the program. Adminis-

trative and managerial functions were performed by Dr. Howard E. Sorrows
and Mr, Ritchie Coryell.

The program was conducted on a task force basis and various
individuals were assigned responsibility for specific areas, The chapter
headings of this report provide a convenient outline for indicating contribu-
tions of program personnel.
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ABSTRACT

A survey of measurements, experiments and geologic studies
that might be made on the lunar surface was conducted to provide the National
Aeronautics and Space Administration and the scientific community with data
to aid in final selection of the optimum series of experiments and observations
for early APOLLO missions. Primary consideration was given experiments
involving the following phenomena and properties: gravitational, magnetic,
electromagnetic, and electrical fields; seismicity; planimetric and elevational
position; composition and age of lunar material and geomorphic features;
geochemical and geonuclear properties; rheologic and soil mechanics prop-
erties; surface geometry; temperature and thermal conductivity; stratification
and density; and radiation, particle and micrometeoroid flux. The study was
designed to: (1) survey lunar surface experiments that might be considered for
APOLLO; (2) identify experiments that, within mission constraints, appear to
be the most significant; (3) outline a tentative sequence of performance for
selected experiments; and (4) provide engineering data for instruments and
equipment required to perform significant experiments or studies.

Lunar surface measurements were evaluated and grouped on
the basis of their contribution to five fundamental lunar problem areas:
(1) hazards to the astronaut; (2) trafficability; (3) lunar basing; (4) origin,
history and age of the lunar surface; and (5) origin, history and age of the
earth-moon system. Although measurements from each group will be made
by the astronaut on all missions, maximum emphasis during the first land-
ing is placed on those measurements related to astronaut safety and future
mission success -- and associated measurements of scientific significance.
On subsequent landings, environmental hazards are still of interest, but
emphasis is shifted toward more purely scientific tasks. Schedules of experi-
ments and observations are recommended for the first three APOLLO mis-
sions. Exploration during the first mission is restricted severely by the
amount of time available for on-surface activities. During longer duration
missions, exploration is limited by the payload capability of the LEM. Studies
are needed to determine the point of diminishing returns for increased pay-
loads and stay time without increased asirvnaul raings oi mobility. IEven on
early landings, the combination of time, mobility and logistic constraints dic-
tates obtaining geologic-geophysical data of a single-location and/or limited-
time-series nature rather than conducting surveys analogous to terrestrial
operations. Implanting and activating a scientific instrument package to

monitor various phenomena subsequent to astronaut departure are recommended

for the first and third flights. This greatly extends time-series measurements
but obviously does not increase areal coverage. Equipment and instruments
required for hazard analysis, geologic sampling, photography, and passive
measurement of geophysical properties or phenomena comprise the bulk of
early mission scientific payloads. Although subject to revision as knowledge
of the moon increases, the recommendations are made with full cognizance
that understanding of the lunar environment can be attained only through the



synthesis of observational and instrumental data covering several scientific
disciplines. ‘

This study identifies fundamental scientific principles and
instruments appropriate for multidisciplinary lunar surface exploration.
Potential measurements and experiments were evaluated sequentially on
the basis of changeable factors such as knowledge of the lunar environment
and technologic status. An experiment matrix was prepared and entries
evaluated from the standpoint of : (1) contribution to fundamental lunar scien-
tific or technologic problem areas; (2) solution of specific lunar problems or
combination of problems; (3) engineering feasibility of conduct on the lunar
surface; and (4) specific mission constraints., Data for all techniques and
instruments were compiled prior to selection of instrumentation for specific
missions. Thus, the study was designed not only to produce valid conclu-
sions concerning early APOLLO missions but to provide a basic fund of
scientific and instrumental data that can be re-examined simply in the light
of technologic advances or mission constraint revisions.
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PART I
CHAPTER I

INTRODUCTION
A. PURPOSE AND SCOPE

The purpose of this study was to determine optimum measure-
ments, experiments and geologic and geophysical studies to be made on the
lunar surface during early APOLLO missions. An investigation of this type

can be reduced to consideration of WHAT, WHY, HOW, WHERE, and WHEN,
with attempts made to:

e Identify the most significant scientific and technologic
experiments and studies and explain their significance.
WHAT is needed and WHY is it needed?

® Determine the equipment and techniques required to make
and subsequently to locate these measurements. HOW
can measurements best be made and the sampling site
recorded? This also includes consideration of HOW the
equipment and techniques can best be utilized, i.e.,
should the instruments be merely activated by the astro-
naut and left on the lunar surface, read and
recorded by the astronaut -- or both?

e Determine the best sampling sites or places for measure-
ments. WHERE within the landing area should measurements
be made, and should they be made on the lunar surface or
on earth using a sample returned from the moon--or both?

® Determine which measurements should be made or experi-
ments put into operation during the early missions. WHEN
should they be made, i.e., determination of the operational
scguence for conducting meacsurements ar exneriments
during the APOLLO program. Consideration must be given
to what data will be available if a mission does not go to
completion, and the selected sequence should assure the
systematic accumulation of knowledge in the various
scientific disciplines of primary importance.

In making these determinations of measurements and experi-
ments, the need and desirability of having a man on the missions must be care-
fully evaluated. The main concern must be to exploit man's unique capabilities
fully by assuring that these capabilities are not utilized in the conduct of
tasks better performed by automated devices. Man is a much more reliable
data collector than complex equipment, can adapt more readily to unexpected
phenomena or conditions and can contribute critical elements of judgment and
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discrimination in the conduct of scientific exploration. Professor Samuel Sil-
ver* has aptly pointed out that: '"The interpretation of phenomena and the
development of theories involve the extraction of particular classes or sets of
data from the totally available data and making correlations between sets of
observations and experiences. Man has the particular capability of encompas-
sing a wide range of data, appraising it and making correlations, and the
ability to recognize the unexpected and adjust his judgment and interpretations.
That capability cannot be transferred to automated equipment and suffers
attenuation as the distance between the experimentor and his experimental
equipment is increased. Minimizing the role of man in the experiment ignores
an essential element of the methodology of scientific thought."

This study was designed primarily to: (a) survey the experiments
that might be considered for APOLLO, (b) identify those that, within mission
constraints, appear to be most significant, (c) outline a tentative sequence for
experiment conduct, and (d) provide engineering data for instruments and
equipment required to perform significant experiments or studies., This
information should provide NASA personnel, in conjunction with representatives
from the scientific community, a firm basis for making final decisions con-
cerning the development of experiments for early APOLLO missions.

B. GUIDES

This study was guided by a plan to conduct three APOLLO
flights. The first flight consists of two alternative missions. One mission
provides for one 2-hr excursion on the lunar surface devoted exclusively to
scientific exploration. The alternate first-flight mission provides for two
excursions, the first of 2-hr duration and the second of 2-1/2-hr duration.

The second flight was considered from the standpoint of its being preceded by

(1) a successful first flight (alternate one), i.e., 2 hr of scientific exploration
on the lunar surface, and (2) a successful first flight (alternate 2), i.e.,a total
of 4-1/2 hr on the lunar surface. Both second flights consist of four excursions.
The first excursion allows 2 hr on the surface devoted exclusively to scientific
exploration. Scientific excursions two, three and four are each of 2-1/2 hr
duration. Both second flights considered thus consist of 9-1/2 hr on the lunar
surface. The third flight was considered from the standpoint of being preceded
by a successful second flight (alternate 2). As on flight two, there are four

excursions proposed for the third flight and a total of 9-1/2 hr expended on
scientific activities on the surface,

On all flights the scientific payload is limited to 250 1b and 10 cu
ft. Two 4-cu ft storage compartments are located within the LEM descent stage

*Director, Space Science Laboratory, University of California, Berkeley.




and thus subject to hard vacuum, extreme temperature, radiation, shock, and
other launch, landing and environmental conditions. A 2-cu ft storage com-
partment is available within the LEM ascent stage and is protected from
environmental hazards. A maximum of 80 1b of samples, film or recorded
data can be returned to earth within this 2-cu ft compartment. Additional
engineering constraints are discussed in Part II, Chapter V.

Certain assumptions were also made of priorities for broad
groups of measurements, experiments and studies. Measurements to be made
on the lunar surface can be grouped as those required to: (1) assure astronaut
safety; (2) assure success of future missions; and (3) solve fundamental pro-
blems concerning the origin and history of the moon and solar system. Fortun-
ately, these measurements are not mutually exclusive and many scientific
measurements /observations/experiments will be, for example, significant
from the standpoint of both astronaut-hazard and future-mission planning.
Although measurements from all three groups will be made on all missions, the
maximum emphasis for the first landing will be placed on measurements related
to astronaut safety and future mission success and the scientific measurements
that contribute to these fields. Subsequent missions will be directed toward
monitoring some of the environmental hazards, but emphasis can be placed
more on purely scientific needs.

C. CONDUCT AND RATIONALE OF THE STUDY

No fixed boundaries exist between the numerous disciplines that
can be employed effectively in lunar exploration. However, there is general
agreement within the scientific community that geology and geophysics will play
extremely important roles. The geology and geophysics of the moon and the
physical properties of lunar surface and shallow-subsurface materials are
certainly major subjects for early mission study. Consequently, organization
of the subject program on a task force or study group basis -- each group
representing a specific earth science discipline or related technology -- is a
logical approach to the problem.

d r ronng wara establiehed to inveati gﬂf.ﬁ the following:

Field Geology* Soil Mechanics
Geomorphology* Surveying, Mapping and
Composition and Age Determination  Photography
Geophysics = Sampling Techniques
Special Problems (radiological, Engineering Problems

micrometeoroid, thermal)

*For simplicity and to avoid possible confusion, the prefix seleno, although
technically correct, is not used to designate scientific disciplines except when
reference is made to the entire lunar body, as selenodetic., Such terms as
selenology, selenomorphology and selenophysics have been avoided and termin-
ology applied to scientific disciplines on earth is used to denote lunar equivalents.
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Special Problems involved disciplines not investigated by other

groups and included studies by A. D. Little personnel. Engineering Prob-
lems personnel assisted other study groups in compiling general instrument
information, provided detailed engineering data for high-priority instruments
and studied packaging and telemetry problems.

From the standpoint of its particular discipline or technology,

each study group conducted several tasks as listed in Table I-1.

II.

III.

Iv.

VI.

VII.

VIII,

I-4

TABLE I-1

LIST OF STUDY TASKS

IDENTIFY FUNDAMENTAL LUNAR PROBLEMS

COMPILE COMPREHENSIVE LIST OF MEASUREMENTS AND
EXPERIMENTS THAT MIGHT BE MADE ON THE MOON

DETERMINE WHICH MEASUREMENTS WOULD PROVIDE THE
GREATEST AMOUNT OF SCIENTIFICALLY AND TECHNOLO-
GICALLY SIGNIFICANT DATA

COMPILE COMPREHENSIVE LIST OF INSTRUMENTS CAPABLE ‘
OF MAKING MEASUREMENTS SELECTED ABOVE

EVALUATE EACH INSTRUMENT TYPE ON THE BASIS OF PER-
FORMANCE CHARACTERISTICS AND ON THE BASIS OF POWER,
VOLUME AND WEIGHT REQUIREMENTS

EVALUATE EACH INSTRUMENT TYPE FOR FEASIBILITY OF
OPERATION IN THE LUNAR ENVIRONMENT

ASSEMBLE ALL DATA COLLECTED ABOVE IN MATRIX FORM
FOR READY UTILIZATION IN THE FINAL SELECTION OF THE
OPTIMUM MIX FOR LUNAR MISSIONS

RECOMMEND SEQUENTIAL ORDER IN WHICH EXPERIMENTS
SHOULD BE PERFORMED AND SPECIFY THE EXPECTED
WEIGHT, SIZE AND SPECIAL CHARACTERISTICS OF THE
EQUIPMENT




Tasks I, II and III were primarily concerned with fundamental
lunar problems of a scientific or technologic nature and measurements that
would contribute to their solution. Nearly all lunar or lunar-exploration
problems can be assigned to one or more of five categories or areas, i.e.,
properties or phenomena hazardous to the astronaut; trafficability; lunar
basing; nature and age of lunar surface features; and structure, origin and
history of the moon and earth-moon system. Specific problems -- whose

solution would make a significant contribution within one, or preferably several,

problem areas -- were identified by each study group.

This work made full use of the Sonett Committee Report, the
report of the 1962 Space Science Summer Study and other NASA and Space
Science Board documents. In addition, letters were sent to approximately 50
recognized authorities in the study-group disciplines and the space sciences,
requesting comments concerning basic lunar problems and the most important
measurements that might be made on the lunar surface during early missions.
Results of this survey are presented in Appendix A.

Under Tasks II and III each group compiled a comprehensive
list of measurements and experiments that might be made on the moon and
which would contribute to the fund of knowledge for the specific study-group
discipline. A first approximation concerning the relative importance of each
measurement within each discipline also was made. Each measurement was
assigned five values basedon estimated significance from the standpoint of:

e Identifying or measuring properties or phenomena
hazardous to the astronaut

® Determining trafficability or suitability of areas for
future landing sites

® Determining the origin, nature and age of lunar
surface features

® Determining the structure, origin and history of the
moon and earth-moon system

® Solving problems associated with lunar basing
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Measurements also were categorized, keeping in mind wherever
applicable, criteria such as:

e Is a property or phenomenon being measured?
e Does the measurement require a special energy source?

® Does the property or phenomenon being measured
exhibit significant vertical and/or horizontal
gradations ?

e Are the tests required destructive or nondestructive ?

e Does the property or phenomenon change rather
rapidly with time ?

e If time-dependent, should the measurement be made
with a Scientific Instrument Package ?

e Can the measurements be made in situ without
removing a sample ?

® Should the sample measurement be made on the moon,
on earth, or both?

Data compiled in Tasks I, II and IIl are included as Appendices
B, C, and D and discussed in Chapters I-IV of Part II, Each of these chapters
is concerned with the identification of measurements or experiments most
significant in a specific discipline or technology. Determination of the
relative importance of all measurements, within program and mission con-
straints, is discussed in Part I. For the benefit of those not planning to read
the entire report, a minimum amount of repetition of pertinent material in
several chapters was not deleted during editing.

Upon completion of the first three tasks, instruments or
instrument types capable of making the various measurements were identified.
Tasks IV, V, and VI of Table I-1 are, consequently, concerned with the
requisite instrument types and their engineering and performance specifications.
Instrument evaluation sheets were prepared by each study group and data con-
cerning the following items collected for each instrument type.

® Measurand(s) (physical property, quantity or condition
measured)

e Operating characteristics and dynamic range

e Weight, power and volume requirements
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o Reliability

® Set-up time required

e Operation time

® Number of operators required
e Operational hazards

e State of development

Instrumentation problems are discussed in Chapter V and additional data are
included in Appendices F and G,

Tasks VII and VII involved: (a) integration of all data into a
matrix form to aid in selecting optimum measurements or experiments,
(b) recommendation of instruments and sequences of experiments that will
assure systematic accumulation of a maximum amount of significant data,
and (c) estimation of weight, size and special characteristics of instruments
selected and investigation of packaging problems. These aspects of the study
are discussed in Part I, Chapters II and III, and Part II, Chapters V and VI,
Related material is included in Appendices E, F, and G.

The program rationale, schematically depicted in Figure I-1,
dictated the previously described task sequence. A primary concept of this
rationale involved progression from numerous disciplinary measurements or
experiments to a few by means of successive evaluation or filtering. All
possible experiments were initially compiled and subsequently evaluated from
the standpoint of: (a) contribution to fundamental lunar scientific or technologic
problem areas, (b) solution of specific lunar problems or combination of
problems, (c) engineering feasibility of conduct on the lunar surface, and (d)
specific mission constraints.

Obviously, studies could be conducted only on the basis of avail-
able data and the current status of instrumentation and pertinent technologies,
The availability of data concerning the moon, the technologic status of
measurement equipment and specific mission constraints were controlling fac-
tors in the subject study. As significant new lunar databecome available or
break throughs in exploration equipment or spacecraft technology are achieved,
the conclusions reached in the program must be re-examined. ‘Consequently, the
task structure employed was designed to provide valid conclusions based not only
on available data but upon the premise that re-evaluation and modification of
study conclusions in the light of new data and technologic advances should be
as simple as possible.
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Figure I-1. Schematic of Program Rationale.
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As mentioned, the basis of this design was to determine the
fundamental scientific and engineering principles and instrumentation that
might be used in lunar surface exploration and to perform subsequent evalua-
tions dependent upon changing factors such as our knowledge of the lunar
environment and technologic data. Data concerning all techniques and instru-
ments have been compiled prior to selection of instrumentation for specific
missions. If new inputs necessitate re-evaluation, additional information
may be required for some techniques., This method, however, eliminates the
possibility of having to research in detail those techniques eliminated prema-
turely from consideration by an initial study.

A primary objective of this study was to provide NASA and the
scientific community with data that will permit final selection of experiments
for early APOLLO missions. Therefore, the early-mission instrumentation
and programs suggested in this report must be considered to be first approxi-
mations. The fact should be recognized, however, that considerable synthe-
sizing and integration of multidisciplinary data have been accomplished in
arriving at these suggestions. This will not be obvious to specialists in vari-
ous disciplines whose ''essential" experiments have not received high priority.
In fact, some decisions are still only reluctantly accepted by several members
of our program team. In making such decisions, however, full recognition
was given the roles of both the scientific specialist and generalist.

It is axiomatic that most environmental and exploration prob-
lems will not be solved on the basis of a single discipline. It is doubtful that
they will be solved by a group of specialists no matter how broad a range
their talents cover, because the very nature of their training precludes total
awareness of the complete range of actual environmental problems and the
manner in which other disciplines impinge upon these problems. The scientific
generalist or earth scientist, whose training and experience have been oriented
toward employing interdisciplinary data and techniques in the solution of special
problems, can serve effectively as a major contributor and catalyst. However,
he can often act only as a catalyst because he cannot hope to assimilate the
vast amount of knowledge available in all pertinent disciplines. In addition, he
must appreciate fully the engineering and other mission constraints betore
valid recommendations can be made. The study described in this report was
based on these concepts.




CHAPTER II
RECOMMENDATIONS

A. MISSION SCHEDUIES
1. Summary

Recommended schedules of scientific instruments and obser -
vations for the first three APOLLO flights are presented in this section. A
committee of senior workers on the APOLLO contract compiled the schedules
on the basis of information collected by the various study groups during the
course of the contract., The study groups provided data on all feasible lunar
experiments and measurements and on the scientific apparatus necessary to
perform them. Possible hazards to the astronauts received first priority.
Hazard measurements, therefore, are recommended at the beginning of the
first excursion for all three flights, since hazards absent at the first landing
location may possibly be important at the second and third sites. There was
little need to weigh priorities among the different hazard observations; all
that had been seriously proposed were included.

Measurements and experiments not involving hazards are
scheduled next in the order of their general scientific interest. Emphasis was
placed on those yielding information bearing on the widest range of questions
and those providing better results when performed on a manned rather than
an unmanned mission. Limitations of weight and time proved to be more severe
than those of volume, since the instruments recommended can be miniaturized,
On the first flight, the limiting factor is time; on the second and third, it is
weight, Thus, the astronaut will be able to do comparatively little observation
and exploration on the first flight. Even though a greater time allowance is
provided on the second and third flights, he will be unable to go more than
about 1000 ft from the LEM because of the anticipated low walking speed.

In accordance with NASA's requirements, two alternative pro-
gratns Or "proriles’ 1or the 11rst two tlights were considered. Flight programs
are summarized in Figure II-1. Alternative I provides for a single excursion
on the first flight, whereas Alternative II provides for two excursions., The
present study indicates that first-flight Alternative I constitutes a mission of
marginal value since there is insufficient time for conducting observations
and experiments. Alternative II of the first flight, if it proves feasible, is
clearly the more desirable. The second flight consists of a group of four
excursions that differ according to which alternative is selected for the first
flight,

In the second flight, the geophysical instrument package, with
its large weight requirements, will be replaced by a sampling drill and vari-
ous devices for measuring electrical, optical and chemical properties of the
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ALTERNATIVE I ALTERNATIVE I

o B EXCURSION 1, 120 MIN EXCURSION 1, 120 MIN
0 :(133 See Table II-2 See Table II-3

e

— —

s ﬁ NO SECOND EXCURSION EXCURSION 2, 150 MIN

See Table II-3

EXCURSION 1, 120 MIN EXCURSION 1, 120 MIN
See Table I11-4 See Table II1-4
EXCURSION 2, 150 MIN EXCURSION 2, 150 MIN
2 = See Table II-5 See Table I1-6
QU
8 :]( EXCURSION 3, 150 MIN EXCURSION 3, 150 MIN
n F See Table II-7 See Table II-8
EXCURSION 4, 150 MIN EXCURSION 4, 150 MIN
See Table 1I-9 See Table 1I-9

THIRD
FLIGHT

See Table II-10

II-2

Figure II-1. Programs for Flights 1, 2 and 3
of APOLLO Missions.

lunar surface and material. However, if the first-flight measurements of
seismicity, tidal gravity and lunar magnetism give unexpected or unexplainable
results, it may be desirable to repeat them at the expense of some of the

other recommended observations. Weight and volume requirements for Alter-

natives I and IT of the first and second flights and for the third flight are sum-
marized in Table II-1,

On the third flight a scientific instrument package is recom-
mended for time-series measurements considered important but not included
on the first flight. On subsequent flights, measurements which receive high

ratings in the computer evaluation program are listed in an approximate order
of preference.

The later excursions allow many minutes for walking and for
visual observation of geologic forms and structure. For this reason, it is
imperative that the astronaut be well trained in field geologic techniques.




TABLE II-1

SUMMARY OF WEIGHT AND VOLUME REQUIREMENTS
FOR FIRST, SECOND AND THIRD APOLLO FLIGHTS

‘ Total

FIRST FLIGHT SUMMARIES Lb In.>
Alternative I*
Instruments and equipment 207. 4 6,423
Packaging and thermal control 41.5 1, 605
Total 248. 9 8,028
Alternative II%%*
Instruments and equipment 208.6 12,782
Packaging and thermal control 41.7 3,196
Total 250, 3 15,978
SECOND FLIGHT SUMMARIES
Alternative I
Instruments and equipment 207.0 7, 546
Packaging and thermal control 41,4 1,886
248, 4 9,432
Alternative II
Instruments and equipment 207.3 7,563
Packaging and thermal control 41,5 1,891
Total 248, 8 9,454
THIRD FLIGHT SUMMARIES
Instruments and equipment 208.5 6,526
Packaging and thermal control 41,7 1,632
Total 250, 2 8,158

*Power supply -- battery pack/solar cell array

**Radioisotope power supply
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Land forms reflect the history and composition of the materials that comprise ’
them in a manner highly diagnostic to an experienced observer and, consider-

ing the brief time available, such information could not be acquired by a person

without appropriate training,

The recommended schedules, of course, are based on current
knowledge of the moon and are subject to modification as new data are
acquired--whether prior to landing, on unmanned missions or on the first
manned missions. For example, in the last category, if the astronaut dis-
covers on his first excursion that portions of the lunar surface will not bear
his weight, he will be obliged to modify the program immediately., Further-
more, the program for the second flight unquestionably will be considerably
altered by the findings of the first. The recommendations, especially those
for the second flight, must be regarded as a sample, showing what can be
done in certain assumed circumstances rather than what will be undertaken
eventually.

2. First Flight
a. Alternative I (One Excursion)

1) Time Distribution

Alternative I of the first flight permits a single excursion of
2 hr for scientific purposes. The program is outlined in Table II-2, giving
experiments in the order in which they are to be performed and an estimate
of the time required for each. Only estimates are provided; a systematic time
and motion study is beyond the scope of this report, and the total time allo-
cated to perform certain observations such as those made with the boot
thermometer and staff penetrometer will be expended at numerous intervals
during the excursion. The general distribution of allotted time is 28 min for
investigation of immediate hazards, 25 min for emplacement and operation of
scientific instruments, 37 min for sampling and geologic studies, 15 min for
visual observations, and 15 min for nonas signable walking.,

2) Hazards

Measurement of hazards has the highest priority on both the
first and second flight. The primary hazard is now believed to be radiation.
This will be monitored by personal dosimeters and survey rate meters, one
in the LEM and one to be left on the moon to transmit readings. Micromete-
oroid infall and secondary ejecta may constitute a hazard to the astronauts, but
these phenomena can be evaluated by visual observation of surf=ce impacts
and by sound when they strike the LEM, These observations will not permit
an estimate of the momenta and mass involved and although utilization of a
specially designed micrometeoroid and ejecta flux sensor is highly desirable, .
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TABLE II-2

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND

EXPERIMENTS PROPOSED FOR EXCURSION 1,
ALTERNATIVE I, FIRST FLIGHT

Lb In.> Min
6.0 230
3.0 320
0.6 2
1.0 70 5
0.5 4 2
0.5 17 10
0.5 4 2
5.3 90
2.5 20 4
4,5 150 0
7.0 450 5
157.1 4742 20
1.2 28 5
10.7 250 19
7.0 46 18
15
15

207.4 6423 120

Descent camera
Descent camera printer
(pre-egress)
Personal dosimeters (2)
LEM survey rate meter
Landing gear thermometer
Chemical reactivity
detector
Boot thermometer
Camera and flash
Staff penetrometer
Tracking transducer
Gravity meter
Scientific Instrument
Package (SIP)
Survey rate meter
Transponder
Combination seis-
mometer
Helium magnetometer
Sample culture pH readout
Sampling (6 vac., 26 bags)
Geology
Visual observation
Walking (nonassignable)

Totals

Instrument Text
Entry on Discussion
Table V-1 Part 11
P. V-11 (Chap. & Pag_e_)
70 V-51
71 IV-58
34 V-32
30 V-31
50,51 V-40,41
33 V-32
53,54 V-40,41
68, 69 V-51
4,74 I1-34
64 V-47,48
34 V-39
V-53to 71
30 vV-31
72
45 V-45
39 V-38
27 V-29
81 IV-24
I1-32,33
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results of preliminary studies indicate that instrument weight is excessive
for the first flight. The hazard presented by fine-grained surficial material
either because of great thickness or adverse electrical behavior will be
tested both by observation of penetration by the LEM landing gear and by the
astronaut during his egress, Samples will be collected irnmediately to test
for chemical reactivity and possible biologic content. Temperature record-
ing devices in the LEM legs and in the astronaut's boots will warn against
unexpected thermal hazards.

Next in importance is probably the mechanical condition of the
surface. It is thought that really valid data on this hazard will not be obtained
until the surface is tested manually with a staff or staff penetrometer, The
fundamental decision of whether the surface near the LEM is safe for traverse
by a man in a space suit depends on such surface characteristics as bearing
strength, adhesion or bonding of surficial particles, roughness, and the
presence of voids and crevasses. This decision must be made by the astronaut
as he leaves the LEM. It will be based on personal judgment and observations
made of penetration by the LEM landing gear and staff penetrometer in the first
few minutes during and after egress. The decision, of course, will be compli-
cated by the fact that data observed in one spot or even one locality may not be
representative and that, until much experience is gained, the trafficability of
the lunar surface can not be adequately assessed.

3) Sampling and Geology

Sample collection is the most important scientific activity in
the first flight, The goal is to locate and recover samples illustrating material
differences, but the determinations will have to be made by visual inspection
and will be handicapped by light conditions and the need for obtaining sam-

ples outside the area contaminated by the landing blast. Sampling tool
packages to be carried on this and subsequent flights are tabulated on p. IV-24

to 26. If the rock in the accessible area appears homogeneous, the problem
will be to determine differences; if a wide variety of rock types is observed,
the problem will be to choose representative types. Thus, the astronaut will
be required to make quick decisions, with few rules except geological intuition
for guidance. Any geological activity undertaken, such as recognizing modify-
ing processes, indentifying rocks and taking pictures, must be combined with
sampling as it will provide criteria for sample selection. A geology kit will
be carried on all flights (refer to p. I-23),and coupled with the contents of the
sampling package,will provide the necessary equipment for sampling require-
ments and geologic observations,

4) Scientific Instrument Package

Geophysical information is to be acquired by emplacing an
assembly or package of scientific instruments and leaving it on the moon to
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transmit data. Utilization of a single instrument package or container will
permit use of a common transmitting system and reduce the time required to
install and initiate instrument operation. The recommended package for
Alternative I of the first flight consists of a survey rate meter, a helium
magnetometer, a combination long- and short-period seismometer and
recording gravity meter, and a transponder. Power necessary for thermal
control and transmission of the data brings the weight of the package nearly
to the maximum allowable. A detailed discussion of shielding and trans-
mission requirements is presented in Part II, Chapter V. Deductions to be
made from the observations are fundamental to both engineering and scientific
knowledge of the moon. Therefore, it was judged that the instrument package
has sufficient priority to be included in the first flight, In addition, the ex-
cursion time is so short that it is economical to set up recording instruments
that make minimum demands on astronaut time.

A portable gravity meter for determining absolute gravity
(not now feasible with the recording meter) is not included in the instrument
package but will be carried to various points on the lunar surface by the
astronaut. If the LEM is steady, the meter can be read inside. On later
missions, it could be used to detect local seismicity as well as local gravity
anomalies,

5) Visual Observation, Walking

It is estimated that in 30 min of walking, which includes time
spent in visual observation, the astronaut will be able to undertake a round
trip to a point approximately 500 ft from the LEM. At least some time while
walking will be spent in observation of land forms, stratigraphy, rock types,
surface roughness, and structure, so the walking period in the recommended
program has arbitrarily been divided evenly between walking and observation.

b. Alternative II (Two Excursions)

Alternative II of the first flight consists of two excursions, the
first of 2 hr (as in Alternative I) and a second excursion lasting 150 min.
Table II-3 is a detailed tabulation of equipment requirements and weight,
volume and time allotments for both excursions,

The first excursion of the second alternative does not differ
from that of the first alternative, except for the deletion of the gravity
meter., Time assigned for gravity meter measurements (5 min) was realloca-
ted to sampling.

In the second excursion of the second alternative, the follow-
ing items are added to the schedule:

-
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TABLE II-3

WEIGHT, VOLUME AND TIME REQUIREMENTS FOR MEASUREMENTS, .
OBSERVATIONS AND EXPERIMENTS PROPOSED FOR
EXCURSIONS 1 AND 2 OF ALTERNATIVE I, FIRST FLIGHT

Instrument Text
Entry on Discussion
Table V-1 Part II
Lb_ In.> Min EXCURSION I P. V-11 (Chap. & Page)
6.0 230 Descent camera 70 V-51
3.0 320 Descent camera printer . 71) IV-58
(pre-egress)
0.6 2 Personal dosimeters (2) 34 V-32
1.0 70 5 LEM survey rate meter 30 Vv-31
0.5 4 2 Landing gear thermometer 50,51 V-40,41
0.5 17 10 Chemical reactivity detector 33 V-32
0.5 4 2 Boot thermometer 53, 54 V-40,41
5.3 90 Camera and flash 68,69 V-51
1.8 24 extra film and flash 69
attachment battery
2,5 20 4 Staff penetrometer 4,74 I-34
4.5 150 Tracking transducer 64 V-47,48
152,7 11,286 20 Scientific Instrument Pack- V-53to 71
age (SIP)
Survey rate meter 30 V-31
Transponder 72
Combination seis- 45 V-45
mometer
Helium magnetometer 39 V-38
Surface temperature 54 VvV -40, 41
loop (1)
Thermal conductivity 56,57 V-41,42
probe
1.2 28 5 Sample culture pH readout 27 V-29
12.8 323 24 Sampling (5 vac.,, 2 mech. 82 IV -25
struct. containers, 24 bags),
7.0 46 18 Geology ' 1-32,33
15 Visual observation
15 Walking (nonassignable)
199.9 12,614 120 Total Excursion 1
EXCURSION 2
8.0 150 15 Reflectance radiometer 59 V-59
0.7 18 10 Susceptibility bridge 37 V-36
12 Surface temperature loop 54 V-40,41
5 Thermal conductivity probe 27 V-29
20 Sampling 82 1vV-25
28 Geology 7-32,33
30 Visual observation
30 Walking (nonassignable)
8.7 168 150 Total Excursion 2
208,6 12,782 270 Total Flight 1, Alternative II
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e Scientific Instrument Package

Surface temperature loop

Thermal conductivity probe

Surface reflectance measurement

In situ magnetic susceptibility measurement

e A l-hr walking and observation traverse

e 48 min for sampling and geology

The extra time for sampling and geology compensates for the lack of sampling
and geologic observation time imposed by constraints in the first excursion
and provides for a better balanced mission, Acquisition of detailed knowledge
of the lunar surface is important in planning the second flight but, because of
the high priority of the scientific instrument package, the single-egress flight
(Alternative I) does not allow detailed observation of the surface, See PartlIl,
Chapter V, for further discussion,

3. Second Flight
a, Plan and Constraints

The second flight consists of four excursions--the first of 120 min
and the latter three, 150 min each. Schedules for the excursions differ accord-
ing to which alternative is selected for the first flight, For the second flight,
considerably more time is available, volumes are well under the limit and
power requirements are relatively small,

The second flight differs from the first principally because
alternatives are scheduled based on decisions of the astronaut after he arrives
and examines the terrain. More will be known about the lunar terrain after
the first flight, and the recommendations may be modified accordingly. How-

ATT AT
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for the third and fourth egresses without recommending possible modifications
dependent on the character of the surface.

b. First Excursion
1) Hazards
The schedule (Table I1-4) recommended for observation of
hazards on the first excursion of the second flight is the same as for the first

excursion of the first flight., This procedure is suggested because it should not
be assumed (in the current stage of lunar exploration) that certain hazards,
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TABLE II-4

WEIGHT, VOLUME AND TIME REQUIREMENTS FOR
EXCURSION 1, ALTERNATIVES I AND II, SECOND FLIGHT

Instrument Text
Entry on Discussion
Table V-1, Part II
Lb In.3 Min P. V-11 (Chap. & Page)
6.0 230 Descent camera 70 V-51
3.0 320 Descent camera printer 71 Iv-58
(pre-egress)
0.6 2 Personal dosimeters (2) 34 V-32
1.0 70 5 LEM survey rate meter 30 V-31
0.5 4 2 Landing gear thermometer 50,51 V-40,41
0.5 17 10 Chemical reactivity 33 V-32
detector
0.5 4 2 Boot thermometer 53,54 V-40,41
5.3 90 Camera and flash 68,69 V-51
3.8 64 extra film and flash 68,69
attachment battery
2.5 20 4 Staff penetrometer 4,74 1-34
4.5 150 Tracking transducer 64 V-47,48
7.0 450 5 Gravity meter 34 V-39
1.2 28 5 Sample culture pH 27 V-29
readout
51.1 1019 29 Sampling (8 vac., 2 83 IV-26
mech, structure,
22 bags)
7.0 46 28 Geology 1-32,33
15 Visual observation
15 Walking (nonassignable)
94.5 2514 120 Total
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if absent or unimportant in one locality, will be absent or unimportant every-
where, Clearly, the recommended schedule of hazard observations for the
second flight should be reviewed thoroughly in the light of the findings of the
first, These certainly will indicate an order of importance for the hazards
that were anticipated and perhaps introduce others that were not expected.
According to the recommended schedule, hazard observations will require

28 min,

2) Scientific Measurements

Emphasis is placed on geologic and sampling operations in the
first excursion, and measurements with scientific instruments are confined to
a reading of a gravity meter. This position was adopted because, in sub-
sequent excursions, observations will be made and experiments performed
which depend for their effectiveness on their relation to the local terrain.
Visual observations, sampling and geologic operations, therefore, will be
undertaken with a view to planning the measurements and experiments
scheduled for the later excursions.

c. Second Excursion

The second excursions are devoted largely to scientific and
engineering measurements, These are listed in the schedule (Tables II-5
and II-6) and their utility discussed in the appropriate chapters in the body
of the report. They involve the use of various instruments in measuring
the physical, chemical and mechanical properties of lunar materials and,
if desired, could be repeated for more samples and locations than are in the
present schedule.

d. Third and Fourth Excursions

The third and fourth excursions are devoted primarily to geo-
logical, geophysical and compositional observations allocated on the basis of
the character of the lunar surtace. lnstruments selected for these observaiions
are shown in Tables II-7, II-8 and II-9, Several different sets of lunar surface
conditions have been envisioned as possibilities. Four examples follow,

(1) Relatively smooth rock surfaces with thin cover of
dust and rubble, and fairly homogeneous material
within astronaut's walking radius (type of surface
sought for a landing site)

(2) Unsorted rubble and dust of unknown thickness
overlying bedrock; small-scale land forms not
numerous
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TABLE II-5

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND EXPERIMENTS
FOR EXCURSION 2, ALTERNATIVE I, SECOND FLIGHT

Instrument Text
Entry on Discussion
Table V-1, Part II
Lb In. 3 Min P. V-11 (Chap. & Page)
17.6 1200 15 X-ray diffractometer 11 V-19
(3 samples)
2.0 40 10 Probe dielectrometer
6.0 40 5 Vane shear tester 78 V-52
9.0 120 10 Kreisman gauge 26 V-28
13,2 690 15 Gas chromatograph 20 V-25
10.0 860 10 Differential thermal 13 V-20
analyzer
8.0 150 15 Reflectance radiometer 59 V-59
0.7 18 10 Susceptibility bridge 37 V-36
0.4 4 10 Thermal conductivity 56,57 V-41,42
probe

25 Visual observation
25 Walking
66.9 3122 150 Total

*Entry 7, Appendix D, p. D-21,
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TABLE II-6

WEIGHT, VOLUME AND TIME REQUIREMENTS

FOR MEASUREMENTS, OBSERVATIONS AND EXPERIMENTS
FOR EXCURSION 2, ALTERNATIVE II, SECOND FLIGHT

Lb  In.3  Min
17.6 1200 15
; 2.0 40 10
6.0 40 5
9.0 120 10
13.2 690 15
10.0 860 10
‘ 1.0 35 10
15
20
20
20
58.8 2985 150

X-ray diffractometer
(3 samples)

Probe dielectrometer
Vane shear tester
Kreisman gauge

Gas chromatograph

Differential thermal
analyzer

Erosion particle move-
ment sampler

Sampling
Geology
Visual Observation
Walking
Total

*Entry 7, Appendix D, p. D-21,

Instrument Text
Entry on Discussion
Table V-1 Part II '
P, V-11 (Chap. & Page)

11 v-19

78 V-52

26 V-28

20 V-25

13 V-20

8 vV-18
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TABLE II-7

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND EXPERIMENTS
FOR EXCURSION 3, ALTERNATIVE I, SECOND FLIGHT

Instrument Text
Entry on Discussion
Table V-1, Part 11
Lb In.3 Min P. V-11 (Chap. & Page)
5.0 430 Gravity gradiometer 44 II-11,12
3.6 690 Tripod for surveying 63
camera
5.0 140 Portable magnetometer 38,39 V-38
60 Gravity traverses 11-6,7
10 Sampling
15 Geology and visual
observation
65 Walking
13. 6 1260 150 Total

*If terrain is rough and land form units complex, eliminate gravity
traverses and devote additional 55 min to geology and visual
observation,

TABLE II-8

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND EXPERIMENTS
FOR EXCURSION 3, ALTERNATIVE II, SECOND FLIGHT

Instrument Text
Entry on Discussion
Table V-1 Part II
Lb In.>  Min P. V-11 (Chap., & Page)
5.0 430 Gravity gradiometer 44 II-11,12
3.6 690 Tripod for surveying 63
camera
5.0 140 Portable magnetometer 38,39 V-38
8.0 150 15 Reflectance radiometer 59 V-59
0.4 4 10 Thermal conductivity 56,57 V-41,42
probe
55 Gravity traverses 11-6,7
10 Sampling
15 Geology and visual obser-
vations
45 Walking
22,0 1414 150 Total
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(3) Terrain irregular; small-scale land forms
(prominences, depressions, fissures, etc.)
visible through cover

(4) Material and land forms highly differentiated

At present, it is impossible to estimate which of the examples
is the most likely to be descriptive of the surface. The uncertainty inherent
in available knowledge is illustrated by the fact that the ocular limit of
resolution for detail on the lunar surface is now about the same as the astro-
naut's walking radius. This means that objects now visible are too large to be
traversed by the astronaut; and, conversely, the objects he will be able to
encompass in his traverses are too small to be noted by telescopic observa-
tions. Presumably, the findings of the first mission will do much to indicate
which of the above descriptions most nearly resembles the lunar surface. A
smooth and monotonous surface suggests geophysical experiments; a compli-
cated terrain suggests geological observations; differentiated and heterogenous
material suggests compositional determinations as well as geology.

1) Geophysical Experiments

The best LEM touchdown site will be much like the area
described in the preceding example 1. If the surface is smooth and
monotonous, geological and compositional studies which can be undertaken
within the walking range of the astronaut will not be especially rewarding, so
geophysical experiments will be appropriate. The simplest of these would be
to read the gravity meter at intervals of 50 ft in two traverses (at right angles
to each other) that cross the area within range of the astronaut. The observed
gradients would provide a clue to broad subsurface trends and possibly the
deflection of the vertical. Local anomalies would be evidence of shallow
structure. Elevations and locations of stations would be determined by survey-
ing camera and tracking television with procedures developed fully in Section C
of Chapter 1V,

Where the surface is covered with a layer of rubble (example 2
of the preceding), it is desirable to know what is underneath, If the surface
were regular enough, gravity would give some indication of differences in the
depth of the cover but little knowledge of the character of the bedrock., A
portable seismograph system, such as is used for foundation engineering,
would show the existence and attitude of bedrock and its compressional
velocity which might provide evidence of its composition,

If the moon has a magnetic field, a magnetometer traverse
should be made at intervals similar to those used for the gravity survey.
This can be undertaken in connection with either the seismic line or the gravity
traverse to see whether the subsurface exhibits variations in magnetic
susceptibility, This again would be a clue to the character of the hidden
subsurface.
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TABLE II-9

TIME ALLOTMENTS AND ADDITIONAL INSTRUMENTS
AND EXPERIMENTS PROVIDED FOR EXCURSION 4,
ALTERNATIVES I AND II, SECOND FLIGHT

Instrument Text
Entry on Discussion
Table V-1, Part II
Lb In.3 Min P. V-11. (Chap. & Page)
32 650 65 Refraction seismic 49 V-39

system?
5 Sampling
15 Geology and visual

observation
65 Walking
32 650 150 Total

*If land forms are well defined, reduce seismic traverses to 15

min and increase sampling to 30 min and geology and visual
observation to 40.

2) Geological Observations

If, contrary to expectation, the surface at the landing site
proves to be irregular, an investigation of the land forms by geological
methods will yield more knowledge than subsurface exploration of the
short-range type recommended. Any evidence of stratification, structure
and variation in rock types that can be gathered will be of immediate
importance. Geomorphic observations of land form shape, size, orientation,
and composition should be made and evidence of modifying processes sought,
The importance of lava tubes, small craters, fissures, and similar features
to lunar basing is discussed in Chapter II, Part II, of this report.

3) Compositional Determinations

If heterogeneity in the rocks is observed, it will be important
to collect as many samples as possible and to describe as far as possible
their physical properties and field relationships.

4. Third Flight

a. Plan and Constraints

The decision to include on any mission schedule scientific
measurements that involve acquisition of time-series data over a period
longer than the astronaut's stay on the lunar surface automatically imposes
a payload penalty for the concomitant telemetry system with its power supply.
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The most critical aspect of this payload penalty is the weight of these compo-
nents, which may range from approximately 100 to 150 1b depending on the
nature of the measurement involved. Weight which can be allotted to instru-
ments or equipment to be used by the astronaut while on the lunar surface is
thus severely limited.

These factors lead to the conclusion that an increased weight
allotment for scientific instruments and equipment should receive serious
consideration in order that maximum return is realized in exchange for the
penalty paid to obtain scientific data over extended periods of time. If all
such measurements were concentrated on a single flight, it may be possible
to effect a trade-off in life-support for two or more excursions for the increased
weight required. Flights with four or more excursions would then be limited ‘
to instruments and equipment for measurements that can be made by the |
astronaut while on the moon and for extensive geologic observation and study. 1
Even a flight devoted primarily to emplacement of a versatile SIP should,
however, allow the time and means to obtain the maximum weight in surface
samples that can be returned to earth,

Consideration might also be given to the provision of a heavier
and more elaborate drill so that holes of greater depth may be made, both
for scientific probes with certain SIP instruments and for the recovery of
more extensive subsurface samples. Practicality of including the drill in the
third flight is in part dependent on weight restrictions and on the amount and
character of data obtained on earlier flights. The heavy drill is not recom-
mended for the flight because its use does not now appear feasible. However,
the problem should be reconsidered after the second flight has been completed.

b. Recommendations

Recommendations for the third APOLLO flight are intended to
provide for possible time-series measurements considered important but not
included on the first flight. On Table II-10 a detailed tabulation is presented
of the components of the SIP package and for other instruments proposed for
the third flight., Weight, volume and time aliotments and text references io
the instruments are also shown on Table II-10,

5. Subsequent Flights

Drastic limitations are placed on APOLLO missions by the
250 1b weight restriction. If a scientific instrument package is included, as
much as 60 per cent of the weight must be allotted to SIP package telemetry
and power requirements and 20 per cent to thermal control and packaging.
It is hoped that by the time of the fourth flight a greater payload can be
achieved for APOLLO missions.

Instruments and measurements for missions following the
third flight are listed on Table II-11 in an approximate order of preference.
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TABLE II-10

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND
EXPERIMENTS PROPOSED FOR THIRD FLIGHT

Instrument Text
Entry on Discussion
Table V-1, Part 11
Lb In.3  Min P. V-11.  (Chap. & Page)
9.0 550 0 Descent camera and 70 V-51
printer
0.6 2 0 Personal dosimeter (2) 34 V-32
0.5 4 2 Landing gear ther- 50,51 V-40,41
mometer
0.5 4 2 Boot thermometer 53,54 V-40,41
9.1 154 Camera, flash (extra 68, 69 V-51
film and battery)
2.5 20 4 Staff penetrometer 4,74 1-34
4,5 150 Tracking transducer 64 V-47,48
7.0 450 5 Gravity meter 34 V-29
111.7 4067 122 Scientific Instrument V-66
Package (SIP)
Line source pres- 62 V-47
sure gauge
Thermal conduct- 54 V-41
ivity probe
Micrometeoroid 35 V-32 to 36
flux and ejecta
detector
Radiometric heat 61 V-45 to 47
flux meter
Surface tempera- 54 V-40,41
ture loop
51.1 1019 40 Sampling package 83 IV-26
(8 vac., 2 mech.,,
22 bags) & flexible drill
5.0 60 Power pack for hand drill
7.0 46 55 Geology kit I1-32,33
15 Visual observation
25 Walking, nonassignable
208.5 6526 270 Totals
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B. GENERAL COMMENTS

The primary conclusions and recommendations resulting from
the study are incorporated in the previously described mission schedules and
in Chapters I through VI of Part II. However, some general comments are

in order.

As previously indicated, time limitations are the main reason
for the marginal value of a 2-hr lunar surface excursion (Alternative I of the
first flight), Alternative II (4-1/2 hr of scientific excursion time) of the first
flight.is therefore preferred. The second flight excursions are restricted by
payloag weight limitations thus indicating the desirability of investigating the
scienti¢c potential of a Stay-Time Extension Module (STEM). A major aim
of such an investigation would be to determine the trade-off point at which
increased payloads and stay time would bring diminishing returns without
increased astronaut mobility or range, Even on the early landings considered
in this study, the combination of time, mobility and logistic constraints
dictates that emphasis be placed on obtaining geological-geophysical data of a
single-location and/or limited-time-series nature rather than conducting more
conventional areal surveys. The Scientific Instrumentation Package (SIP)
permits extension of time series measurements but does not increase areal
coverage. The SIP packages are limited in size and scientific utility by
power, telemetry and thermal control requirements. An increased payload
for APOLLO missions is desirable to permit more extensive utilization of
SIP packages.

A series of time and mobility check tests should be conducted
on earth by the astronauts on the various mission schedules discussed in the
preceding section, These will permit more accurate estimates of time require-
ments and mobility-range capabilities. Tests should be conducted in space
suits and within terrestrial geologic environments similar to those expected
on the lunar surface.

Instruments recommended for the first, second and third flights
should be developed and tested. The importance of instruments for making
hazard measurements, acquiring samples and obtaining descent and on-surface
photographs has been stressed, but development programs for all recommended
items should begin immediately, Most of these instruments will require
extreme design modification, and development should be accomplished within
the next 2 yr if the devices are to be qualified for flight by early 1969. Design
improvements must be made to decrease weight, power and volume require-
ments of scientific and telemetry equipment., Weight and volume requirements
and heat generation of power supply equipment should be reduced, Instrument
tests should be performed under simulated lunar environmental conditions with

II1-20




emphasis on instrument reliability, repeatability and portability as well as

ease of astronaut manipulation. Close coordination is essential between groups
responsible for the engineering design of the LEM and those concerned with
scientific instrumentation.

In view of the importance of acquiring lunar surface samples,
additional studies should be made to design valid sampling programs for a
variety of possible lunar surface conditions, Detailed studies also should
be made of the effect of the LEM landing operations on static and dynamic
physical, chemical and radiologic properties of materials in the touchdown
area. The significance of these effects on the scientific observations,
measurements and instrumentation recommended in the mission schedules and
on the sampling programs should be determined. If these effects invalidate
certain types of data to be obtained under the recommended schedules,
modified schedules must be prepared, Samples returned to earth should he
examined and tested initially in a simulated lunar pressure and temperature
environment., This will require the development of special techniques and
facilities for sample handling and testing, Studies should be initiated to
design lunar sample testing facilities and programs. Experience gained from
dummy sample testing techniques will minimize the possibility of damage during
subsequent testing of lunar samples. Although the probability of their exist-
ence is remote, sampling techniques should provide for testing near surface
zones for life forms.

The more that is known about the moon and cislunar environment
prior to APOLLO landings, the greater the probability of technical and
scientific success. The broad range of unmanned and earth-based programs
being conducted by NASA takes full cognizance of this fact. Among the earth-
based programs, those involving geophysics, physical property determination
and remote sensing might receive more emphasis because of their special value
in providing scientific backup for early APOLLO landings., Based on field
surveys and laboratory studies, diagnnstic peophvsical criteria should be
developed to distinguish between meteoritic and volcanic origin of selected
geologic features., Additional emphasis should be given to determining the
physical properties of various materials, possibly found on the moon, under
full lunar-day temperature and pressure ranges, Under lunar environmental
conditions, physical properties of rocks and minerals may well exhibit values
not correlative with terrestrial counterparts, Areal extrapolation of data
obtained at a lunar landing site can be accomplished only within a framework
provided by photographs or imagery obtained by remote sensing systems. It
is extremely important, therefore, that the effects of resolution, scalar and
other changes on the interpretation of terrestnal aerial and satellite photography
be thoroughly understood.
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In 2 more general vein, administrative provisions should be
made for periodic formal reviews of advances in scientific instrumentation,
data acquisition, sampling techniques, solar flare prediction, micrometeoroid
flux determination, and other fields of special pertinence to the APOLLO
program. The need for a comprehensive biological and medical program to
determine the effect of lunar and cislunar environments on man cannot be
overemphasized,

A great variety of instruments, ranging from simple to complex,
has been considered and a select number recommended for the early APOLLO
flights, Instrument selection was based in part on the fact that a man-instrument
team can yield results of more far-reaching value than can instruments alone,
This stems from such factors as: (1) the unique flexibility of man's mental and
physical capabilities, (2) his ability to ask as well as answer questions and
(3) his ability to make decisions from a combination of stored and immediately
observable data, In short, only man can intelligently set up, operate,
monitor, program, reprogram, and service instruments--and simultaneously
make decisions and judgments as the situation demands. Perhaps the best
analogy is that of a medical examination where all types of instruments are
used, but the doctor synthesizes the information and makes the necessary
decisions after analyzing and evaluating instrumental and visual data. In the
earth sciences, the ability to synthesize instrumental data with visual or
field observations is also a basic requirement. This must be recognized in
planning each APOLLO mission and reasonable time allocations made for
acquiring both observational and instrumental data. The desirability of
utilizing instruments to measure time-variable phenomena for a period greater
than the on-surface stay time of the LEM is widely recognized. Areally
varying properties or phenomena, however, must be measured or observed
by a roving astronaut. The problem thus involves the allocation of astronaut
time (remaining after set-up and activation of the scientific instrumentation
for time-series measurements) between observational and instrumental tasks.
The importance of obtaining observational data cannot be overemphasized, yet
the alien nature of the lunar environment and its possible psychologic and
physiologic effects would also seem to recommend the performance of numer -
ous, fairly simple mechanical tasks during the first landing, Certainly, rea-
soning and deductive processes will be more reliable and important on
subsequent flights, i.e., after an appreciation of the lunar environment has
been gained. Man tends to filter or synthesize data when recording informa-
tion either observationally or instrumentally acquired. While this capabilaity
is a tremendous advantage in many exploration activities, it is questionable
as to whether this filter should be employed extensively until first-hand knowl-
edge of the lunar surface is available from the initial landing. During the
initial landing it would appear that a maximum amount of raw data should be
obtained. This can be accomplished effectively by instruments, but the
astronaut must activate the instruments and judiciously select sampling sites
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so that reliable and truly representative data can be acquired. The importance
assigned to observational versus instrumental data gathering will, of course,
change from mission to mission and is dependent upon a variety of factors.
Consideration must be given the scientific training of the astronaut, mission
purpose, probable landing site conditions and a myriad of mission constraints
and prior mission results. Nevertheless, regardless of the type of data
acquisition emphasized, the presence on the lunar surface of an experienced
professional geologist with a thorough understanding of vacuum physics and
hypervelocity impact phenomena would be highly desirable. As soon as

" in-flight considerations permit, a scientist with such training should be a

member of the APOLLO crew to assure the most effective collection and
on-surface analysis of observational and instrumental data.
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CHAPTER III
MISSION PLANNING TECHNIQUES

A. ALTERNATE APPROACHES TO PLANNING

The most important task in the study was to establish priorities
for observations and measurements to be made on the moon. These, in turn,
were used to derive an optimum program for the astronaut's excursions as well
as an optimum list of instruments for making recommended measurements.
The utility of all feasible observations, for scientific and engineering purposes,
must be balanced against the allowable time, weight and packing space, to
arrive at a practical and scientific program of maximum value for study and
exploration of the moon. Any list or set of observations that falls within the
mission constraints (limits of volume, weight and time) may be called an
allowable set. The objective of mission planning is to develop the best method
of choosing the optimum allowable set out of the many combinations that
might be conceived. Two approaches used might be arbitrarily classified as
qualitative and quantitative in nature. The qualitative approach involved
establishing optimum allowable sets by consensus of key members of the study
groups. In the quantitative method, figures-of-merit were assigned to the
various operations representing their utility in the different problem areas.
Optimum allowable sets then were developed by processing with an automatic
computer. The essential difference between the two methods was the manner
of assigning merit. In the qualitative method, the operations were ranked by
comparing them against each other; in the quantitative method, numbers
denoting merit were given to the operations individually.

B. QUALITATIVE METHOD

The qualitative method of mission planning is fundamentally a
trial-and-error process. A preliminary or first approximation to an allow-
able set is prepared by adding items, one by one, in descending order of
importance until a limit in time, space or volume is reached. These limits
permit allowable sets containing 25 items or less to be considered as a group.

..............................................
of the items remaining. Inclusion of a new item entails exclusion of one or
more of the original items, otherwise one or more of the constraints
would be exceeded. The merit of the new item then is compared to the merit
of all the items it might displace. Thus, each item, before being rejected,
is tested against all the items chosen for final inclusion or against items of
lower merit than those chosen. This results in the optimum allowable set,
at least in the light of present knowledge of the moon.

At first, it would appear to be a formidable task to pick out
approximately 25 items from the entire list of 107 selected measurements and
then to compare each of the remaining ones explicitly with the original 25. The
labor is greatly simplified because astronaut safety receives high priority;



practically all hazard observations automatically are included in all allowable
sets. After that, priority is largely established by classes of measurements;
it is obviously desirable to include major classes such as sampling, geology
and geophysics in any allowable set. It is also desirable to choose observa-
tions whose results apply to the greatest number of problems and to favor
those which can be done more effectively on a manned mission than on an
unmanned mission. These requirements restrict the number of choices to

an easily studied group. Mission schedules, in fact, were drawn up by the
qualitative method and checked by the quantitative method. The only serious
discrepancy is discussed in the following paragraphs.

C. QUANTITATIVE METHOD

In the quantitative or systems engineering method of mission
planning, a data matrix is formed consisting of the values assigned to each
measurement in the various problem areas and the weight, time, volume, and
power required. The matrix comprises the input data to a computer pro-
gram (see Part II, Chapter VI) which ranks the measurements individually
by order of merit. This is done arithmetically, using a normalized figure-
of-merit which relates the value of the measurement to the relative payload
cost, i.e., fractional cost in terms of allotted weight, volume and time., The
result is an explicit formulation of what was done implicitly in the qualitative
method by comparing operations against each other.

The most important part of the computer processing is a
second program to form a list of 100 allowable sets of highest value -- ranked
in order of merit. Ranking in this case is based on the combined values
assigned to the measurements in the allowable set, independent of their pay-
load cost. The normalized figure-of-merit mentioned previously is only
used in the ranking of individual measurements. Its purpose is to insure that
high-value, low-cost (in terms of weight, power and volume) measurements
are considered first in determining the 100 allowable sets of highest value
and thus to reduce substantially the number of required computer operations.
In this respect, the process resembles the qualitative method in that the
computer assembles high-merit, low-cost measurements until one of the
limits or constraints is exceeded, discards the last item and computes the
total merit. The remainder of the list then is scanned repeatedly for possible
substitutions, using a programmed sequence of dropping items or groups of
items from the first allowable set and adding lower ranked items, in order,
until one or more constraints are again exceeded. The total value (or merit)
is computed for each allowable set and the set (or combination) and its value
and payload cost stored in the computer memory. After the first 100 sets
are assembled, each new allowable set is compared with the lowest ranking
one in the memory and either replaces it or is rejected on the basis of value.
In this way, a very large number of combinations are considered and the 100
highest in value are retained and printed out by the computer. For example, .
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in the computer analysis of Flight I, Alternative I, a total of 668,303 com-
binations were considered, of which 3970 fall within the constraints.

By varying the weighting factors or priorities assigned to the
different problem areas and by excluding certain classes of visual observa-
tions, a flexibility in mission planning can be achieved beyond the effective
capacity of the qualitative method. Lists of allowable sets were computed
both for weighting factors emphasizing hazards and engineering problem
areas and weighting factors emphasizing scientific problemareas. Another
list was computed with the visual observations omitted for comparison with a
list in which they had been included. No significant differences in the results
were noted. The program for the second mission was not planned quantita-
tively, but the instruments recommended were selected partly on the basis
of their priority in the data matrix.

D. DISCUSSION OF RESULTS

Comparison of the results given by the computer with those
of the qualitative method showed that the two approaches were in substantial
agreement. The items at the head of the computer merit list and those most
common in the 100 highest rated allowable sets were all in the qualitative
allowable sets. There were, however, minor exceptions due to duplication
or partial duplication or to being overlooked in the qualitative process. Chief
among the latter was a set of maps. The original allowable sets were
reviewed and revised in the light of the computer results, but no major
changes were made.

One important difference in results was that the computer
analysis did not assign comparably high priorities to all of the instruments
in the Scientific Instrument Package. This occurred because such instru-
ments required greater weights and volumes than other items of comparable
merit. The decision to use the Scientific Instrument Package was not changed
on the basis of computer analysis. This resulted from discussions indicating
that the scientific value of telemetered data. acquired over perinds much
greater than the astronaut's time on the surface, is sufficient to warrant
including the package.
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PART 11

CHAPTER 1

GEOLOGY AND SELECTED GEOPHYSICAL PROCESSES

A. SUMMARY

Geological observations and measurements are the most
valuable that will be made in initial stages of lunar exploration and are fun-
damental to the success of early APOLLO missions. Geology, literally
earth science, is an extremely broad and diverse scientific discipline. It
can be applied in lunar exploration, as on earth, to determine the past
history and age, mode of origin, composition, occurrence of economic
deposits, surface structure, nature and configuration of relief features, and
to discover processes that modify and mold the surface. Indicative of the
scope of geology is the definition presented by Sir Charles Lyell (1832), the
Founder of Modern Geology, who observed: ""Geology is the science which
investigates the successive changes that have taken place in the organic and
inorganic kingdoms of nature; it inquires into the causes of these changes and
the influences which they have exerted in modifying the surface and external
structure of our planet. "

The geological section is divided into three major parts: field
geology, geomorphology and compositional studies. Selected geophysical
processes closely allied to geology also are included. These are exogenic
radiation and flux measurements of micrometeoroids and primary and
secondary lunar ejecta. Field geology involves the study of rocks, rock
materials and their relation to one another; in geomorphology the formation,
nature and development of surface features, the changes they undergo, and
the processes involved are treated; compositional investigations consist of
pPrecise instrumental measurements that include age, radiological and radio-
activity studies. By arranging the geological section in this manner, a
logical progressive sequence is followed. The task sequence is to discover
the nature and structure of the lunar surface, the arrangement of surface
materials into relief features and the processes responsible for their develop-
ment and finally, with more detailed and accurate measurements, to confirm
and augment the observations of the field geologist.

As a group, the geological and selected geophysical measure-
ments generally take precedence over the other scientific studies proposed
for the APOLLO mission because they provide answers to such fundamental
questions as:
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e What terrain and environmental hazards exist on the moon?
e Of what does the moon consist?

e What is the character of the landscape?

e What radiological hazards and problems exist?

e Are useful mineral deposits available?

e Is natural shelter present?

e Can the lunar surface be traversed?

e How did the surface of the moon originate?

e What modifications has it undergone?

e What is the origin of the moon?

Astronaut safety is the primary concern of early APOLLO
missions. Some serious hazards which may exist and for which geologic
measurements and observations must be made are: (1) excessive radiation;
(2) dormant life forms that could be injurious or fatal, especially if intro-
duced onto earth; (3) damage by infall of meteoroids and micrometeoroids;
(4) presence of electrostatically charged dust particles which may adhere to
the astronaut and equipment or impair communications; (5) thick deposits of
loose material in which the astronaut may be engulfed, mired or injured due
to surface collapse; (6) reactive ultraclean surfaces resulting in vacuum
welding of parts and generation of heat; (7) dangerous terrain configurations;
and (8) abnormal reactions on contact with surface material, especially
pyrophoric dust.

Geologic investigations contribute heavily to understanding of
lunar trafficability. The extent, thickness, degree of cohesion, and struc- .
ture of dust deposits and other surficial materials, as well as physical
barriers presented by the lunar landscape and the occurrence of unstable
and steep slopes, require measurements to assure eventual safe and effi-
cient movement across the surface.

The ultimate success of lunar basing is dependent on compre-
hensive geologic studies. These will be valuable for identifying construction
and support materials and predicting their probable occurrence. Field
reconnaissance and geomorphic interpretation must be used to locate areas
that will provide natural shelter. Delineation of rock types and structural
relationships is imperative before selection of stable sites for permanent
basing is made.




Rocks and surface features reflect the mode of origin and
history of the lunar surface. Petrographic and other compositional studies
of surface and near-surface rocks, observations on the configuration and
origin of land forms and interpretation of structural features can be used to
determine how the surface was formed and the sequence of events since its
formation. For certain rocks, lunar history can be inferred from absolute
ages derived by radioactive dating techniques.

Compositional studies of surface rocks and consideration of
rock texture and fabric have direct application to determination of the origin
of the moon. Each major hypothesis of lunar origin implies a particular set
of rock compositions. Field observations and detailed compositional
analyses of rocks should provide the requisite data for the first step in solving
the question of moon origin. Absolute age of the moon as shown by radio-
active decay rate measurement and comparison with the age of the earth will
give insight to the relationship of the earth-moon system. Further under-
standing of the system can be attained by observations and measurements of
the lunar surfaces, its relief features and the geomorphic forces that act
upon it. Scientific studies on the moon constitute the first opportunity to
study a celestial body other than the earth and one which is expected to have
undergone fewer modifications. Such studies can lead to a better under-
standing of the earth and, with it, the earth-moon system.

Following are the principal geologic and associated selected
geophysical measurements and observations proposed for the APOLLO study.

e Field Geology: thickness, texture, consistency and
extent of surficial material and bedrock; attitude,
contacts and structural relationships of rocks;
exploration for deposits of useful materials

e Geomorphology: nature of surface features, their
slope, relief, shape, orientation, and mode of origin;
measurements and experimenis 1o determine what
forces act on the lunar surface and modify it, including
particulate flux, micrometeoroid flux, thermal cycling,
electrostatic transport, and the effects of gravity and
outgassing

e Composition, Age, Radioactivity,and Exogenic Radiation:
mineralogic composition, radioisotopic composition,
elemental composition, stable isotopic composition, and
special studies including age determination, exogenic
radiation, chemical reactivity of the lunar surface, and
experiments to determine the possible existence of
dormant life forms
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B. INTRODUCTION

Of the many scientific measurements, observations and experi-
ments that will be performed on the moon, geologic applications will be among
the most important. In the exploration of any unknown terrain, geology is
always a fundamental consideration, especially in early stages. Lunar
geologic data are not only critical for astronaut safety but provide answers to
basic questions such as: is the lunar surface rough or smooth? --is it hard
or soft? --is it steep or gentle? Geologic studies also will provide answers
to more complex problems such as: what is the absolute age of the moon?
has magmatic differentiation occured?--what is the sequence of land form
evolution? --how did the moon originate?

1. Definition

Geology literally means "earth science' and was defined by
Roberts (1839) to include all acquired or possible knowledge of natural
phenomena on and within the globe. A science concerned with all phenomena
on and within a planet is necessarily broad and diverse and consequently has
been subdivided into 30 or more branches. It would be fruitless to apply all
of the facets to geology in the initial stages of a lunar study; not only would
it be tedious but many of the branches do not apply.

2. Organization of Geology and Selected Geophysical Processes
Study Group

The application of geology to lunar investigations has been
undertaken in three broad areas: (1) field geology, in which surface rocks
and rock material and their relationship to one another are investigated;
(2) geomorphology, where the origin and development and distribution of
surface features are considered; and (3) compositional determinations, in
which the composition of lunar material is the primary concern. This
approach provides a thorough examination of the lunar surface, its relief
features, its composition, and its rocks and their arrangement.

Mineral exploration is a portion of the field geology program.
In making field studies, evidence will be noted of mineralization, meta-
morphosed and weathered zones, intrusive contacts, sublimate deposits,
and related phenomena. The micrometeoroid and meteoroid environment is
included in the geomorphological study because these phenomena are
responsible for the formation of portions of the lunar landscape and may be
active agents of erosion and transportation. Radioactivity is grouped with
the compositional determinations rather than included in the geophysics
chapter because it represents a special rock property and because radio-
active materials are applicable to age dating from which important
geologic inferences can be gained. Also presented in this chapter is




‘ exogenic radiation because of its natural alliance with lunar radioactivity and
‘ ‘ possible role in modifying the lunar surface. The organization of the geology
and selected geophysical processes study group is shown in Figure I-1.

It should not be inferred that the field geology, geomorphology
and compositional studies constitute the only branches of geology applied to
the program. Several phases of geologic specialization are included in each
of the three major groups. For example: the field geology program neces-
sarily includes mineralogy, petrology, stratigraphy, volcanology, structural
geology, physiography, and photogeology; geomorphic investigations will
involve stratigraphy, physiography, volcanology, photogeology, and structural
geology; and, to make encompassing compositional observations, geochemistry,
crystallography, petrography, mineralogy, optical mineralogy, nuclear geology,
and geochronology must be included.

3. Philosophy of Geologic Studies

A geologist, when initially confronted with the question of geologic
studies on the moon, immediately thinks in terms of treating the moon as he
would any unexplored terrestrial region and applying time-tested and venerated
methods. As work has progressed on this program, it has become evident that
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mission constraints, safety considerations, the nature of the lunar environ-
ment and practicality necessitate modified or different techniques. Certainly
for early APOLLO missions, the scope of the investigations must be limited.
What can be done, how it is done, the detail in which it is accomplished, and
even why it is done are controlled by a multiplicity of factors entirely foreign
to terrestrial studies. To illustrate, in planning lunar geological studies it
must be remembered that:

e Safety precautions take precedence over scientific
considerations.

e The astronaut will be encapsulated in a bulky space
suit which will retard his movements and affect his
agility.

e On early APOLLO missions, the astronaut will have
a maximum of 2-1/2 hr on the surface at any one time.
Much of this will be devoted to walking, emplacing and
monitoring scientific instruments, and sampling.

e Limited available time will permit examination of only
a small area, perhaps 1000 ft from the touchdown site.

o The restricted area of investigation probably will be
structurally simple, topographically monotonous and
perhaps monolithologic.

e Only small-scale topographic and photogeologic maps
will be provided.

e A maximum of 80 lb of material can be returned to
earth.

e The astronaut must remain at all times in view of the
observer in the LEM.

e Space suit restrictions will not permit use of a traditional type of
hand lens and will make it extremely difficult to make
field notations on a map.

e Weight, volume and power limitations will dictate to
a large degree what equipment can be taken to the moon.




® The lunar environment will be strange and alien.
Lighting conditions, 1/6 gravity and surface
conditions will restrict field geologic studies.

e Although the astronauts will be well trained,
certain limitations in their training and
experience must be considered.

Omission of some procedures customarily used on earth is
not due to oversight, and modification of others has not been done in a per-
functory manner. Rather, the changes are a result of practical considerations
and adaptations to restrictions of safety, weight, time, experience, and other
mission constraints., In spite of the modified geologic approach presented,
lunar geologic investigations must be undertaken using the classic geologic
principles of uniformitarianism, superposition, faulting, intrusion, and
unconformity. Similarly, scientific problems must be attacked using the
concept of multiple working hypotheses.

C. FIELD GEOLOGY
1. Introduction

Field studies are the first requirement for obtaining geologic
knowledge. In the initial stages of lunar exploration, field geological
observations and measurements and related sampling will receive high
priority and occupy a major portion of the astronaut's time.

a. Definition

Field geology (Lahee, 1941) is the study of rocks and rock
material in their natural environment and natural relations to one another
and includes description and exploration of surface features and underground
structures. Field geology, as noted by Compton (1Y62), may be simpie,
involving visits to outcrops to describe them, or it may involve weeks or
months of detailed mapping and careful integration of field and laboratory
measurements. In either event, there is no substitute for observations made
at rock outcrops.

b. Nature of Field Geology

A field geologist can make certain mechanical measurements, but
fundamentally, his accomplishments are a result of observations and, for
these, there is no substitute for training and experience. In this regard,



the notation of Mackin (1963), in citing Gilluly, is especially pertinent:

""Most exposures provide answers only to the questions that are put to them." .
Once observations are made, inferences are drawn by interpretation of the
observed facts. The inexperienced observer may see little more than a mass
of rocks at an outcrop, whereas an experienced investigator may note relation-
ships that will aid in unravelling the history and structure of the neighboring
region. Itis necessary to do more than describe an exposure and record its
attitude. Inferences may be drawn and hypotheses of origin and history made
as well. As succinctly stated by Lahee (1941): '"The ability to infer and infer
correctly is the goal of training in field geology, for one's proficiency as a
geologist is measured by one's skill in drawing safe and reasonable conclusions
from observed phenomena. "

c. Astronaut Capability

The success of the geological portions of the APOLLO program
is a function of astronaut training and experience in geology. Although
astronaut capability is a subject beyond the scope of this work, it is assumed
that he will be familiar with the following subjects delineated by Kellogg (1963):

e Lunar Observations: the traditional ones now done
from the earth (telescopic, radiometric, radar,
emissivity, fluorescence, etc.) and the latest results
of unmanned landings. Many of the moon's essential
features presurmably will have been made familiar by
instrumented lunar probes.

e Field Geology: to gain insight into various types of
formations (volcanic, impact), to develop the ability
to perceive important features of those surroundings
and to describe them clearly and objectively

e Laboratory Studies: laboratory studies in vacuum
under various conditions of irradiation and proton
bombardment

The astronaut also must have undertaken an extensive program
of planning the proposed lunar field work. He should have a firm grasp of
data included in geologic reports pertaining to the moon, as well as in technical
papers and books dealing with fundamental concepts and methods pertinent to
lunar exploration. He must be thoroughly familiar with existing astronomical
and orbital photographs and lunar topographic and geologic maps. He should
intensively study geologic maps and cross-sections prepared by the Astro-
geology branch of the United States Geological Survey and be cognizant of the
name, character and geologic age of each of the formations believed to be
exposed in the touchdown area, those expected to underlie exposed formations,
approximate thicknesses, structural relationships, general physiography, ‘
prominent land forms, the regional dip, and the anticipated lunar stratigraphic
column.




d. Purpose and Scope

The scope of field work traditionally is threefold, i.e.:
(1) to study and interpret rocks, topographic forms and structures;
(2) to determine location of outcrops and points where geologic observations
are made; and (3) to plot these points on a map or photograph. Mission
constraints and lunar environment will alter the scope of field geology in the
APOLLO program. In the first several missions, a maximum of 2-1/2 hr
is available for all scientific observations and measurements. Although the
proportion allotted to field geology may be great, time expended solely to
geological observations will be insufficient to permit preparation of detailed
maps. The astronaut is further limited by length of traverses. For example,
on the first mission he probably will be able to go approximately 1000 ft from
the landing site and return. Space suit restrictions will limit his physical
activities. It will be extremely difficult to take legible notes, prepare usable
sketches, make adequate entries on a base map, or even use an ordinary hand
lens. He must use a communications link to a tape recorder to record his
observations and use a hand camera to obtain photographs supplanting field
sketches. His location and that of his observation and sampling points must
be recorded on a map or photomosaic by the observer in the LEM.

Thus, the field geological studies on the lunar surface will be
performed for the most part in a manner considerably different from customary
terrestrial procedures. He will undertake reconnaissance rather than detailed
geologic mapping. The astronaut-geologist will land on the moon in an area for
which topographic and photogeologic maps have been prepared with considerably
less detail than is usual in terrestrial operations. In view of mission constraints
and the fairly gross nature of the available maps, the astronaut's task on early
missions will be limited to geologic reconnaissance, observations made into a
communications link to a tape recorder and collection of samples. Notation of
position of observation and sampling will be made on a photogeologic map by the
astronaut who remains in the space module. The field geologist will do rapid,
sequential, decision-making work limited by the relatively brief excursion time
largely to search (exploration) rather than research (experimentation).

Specific studies will depend upon determination of the most
important areas of investigation, using the following approximate order of
precedence:

e Contribution to the success of the present mission,
with emphasis on recognizing and avoiding or over-
coming hazards
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e Contribution to the success of future lunar missions
which will include: determination of trafficability
conditions; establishment of lunar base; location of
indigenous natural resources; checking accuracy of
prepared geologic and topographic maps; and verifi-
cation of topographic and geologic data to permit
eventual point extrapolation to other areas of simi-
larity on the lunar surface

e Contribution to the understanding of the origin,
history and age of the moon and the earth-moon
system

2. Field Geological Measurements and Observations
a. Tasks and Procedures

The time required for geological work depends on the objectives,
size of the area, roughness of the terrain, and complexity of the geology. If
the lunar surface near the landing site proves complex on a small scale, more
measurements and observations must be made and the sampling density will be
much greater than if the local geology is simple and uniform. Among the more
important scientific tasks are:

e Observation and assessment of natural phenomena
including micro- and macro-structure and composition

e Collection of undisturbed and/or representative samples

e Emplacement of monitoring equipment left as an
observatory

Observation of natural phenomena implies that the astronaut has
the ability to give an unbiased or objective account of what he sees. However,
it must be remembered as noted by Mackin (1941) that the ""eye and brain unlike
camera lens and sensitized plate, record only what they intelligently seek out. "
How much he observes and records can be increased by proper use of instru-
ments selected and designed for specific tasks.

From his observation of terrain features prior to and after
leaving the LEM, the explorer will select the traverse route that will allow
safest travel yet take him by significant features where judicious sampling
of rock types can be made. The traverse, of course, will begin and end at the
LEM. Prior to leaving the LEM, the explorer should check radiation level and
micrometeoroid flux, test the lunar surface for chemical reactivity and probe
the surface with the multipurpose staff to insure that it will support his
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weight. Such probing may be necessary throughout much of his travel. It may
be advantageous to calibrate the explorer's average pace in the 1/6 gravity
environment against the spacecraft tracking device. If the tracker should fail
during a mission, pacing would provide an alternate method of determining
distances. Furthermore, in local areas where approximate distances are suf-
ficient, it may be more efficient for the astronaut to pace distances between
sample locations or geologic stations and relate them to the LEM observer
than to obtain distances with the tracker.

Typical features to be noted and recorded for plotting on the
field map in the lunar module are:

e Position and geometric orientation of contacts between
rock units such as deposits of ejecta, breccia, talus,
and dust, if preserved

e Domes, faults, fractures, joints, and other linear
features plotted with appropriate geologic symbols
and notation for upthrown side where faults are depicted

® Names or brief notes labeling important rocks and

features including lithology and all small-scale structures

helpful in interpreting the history of the rocks. Planar

structures should be plotted as symbols showing strike

and dip. Where apparent, compositional layering (banding)

o6figneous and metamorphic rocks and flow structures in

igneous rocks, should be included.

The map will provide means to develop a continuous picture of
geologic structures and, by communication with the LEM, permits checking
of continuity of features (faults and contacts).

Verbal description, transcribed into a tape recorder, will
include lithologic descriptions as noted:

e Name of unit and/or brief rock name
® Specific map locality or area to which description applies
e Thickness and overall structure or shape of unit in this area

e Main rock types and their disposition within the unit,
if applicable

® Gross characteristics of area underlain by the unit: topographic
expression; color and type of dust/rubble; nature of outcrops



e Characteristic structures of unit: range of thick-
nesses and average thickness of beds or other layered
structures, if present; shapes of layers or structures;
primary features within layers or other structures

e Description of rocks, with most abundant variety
described first

a) Color, fresh and weathered (radiation) and
altered (impact, etc.) (Immediately after
sampling, the freshly exposed surface should
be described.)

b) Degree of consolidation

c) Grain sizes of rubble and other ejecta; crystal
sizes (rock)

d) Degree of equigranularity
e) Mineral composition

f) Shapes of grains and crystals

g) Orientations or fabric of shaped grains,
especially in relation to rock structures

h) Nature and amount of matrix or groundmass,
if any

i) Nature and concentration of pores (porosity)
and indications of permeability

j) Constitution of grains (mineral, lithic, fossil,
glass) and their approximate per cent by volume

k) Abrasive hardness

e Nature and type of contacts: sharp or gradational,
with description and dimensions of gradation; type
of contact (conformable, fault, intrusive, or un-
conformable); evidence regarding unconformable
relations
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e Fossils (if present): distribution; special
characteristics of the containing rock; position,
size and condition of the fossil, and type, if
recognizable

Observations of the astronaut are fundamental to a successful
exploration program and, as noted by Newell (1963): "Every look he takes,
every glance will be exploration.' Observations and samplings are to be made
with the primary objective of providing the maximum amount of information
that will contribute to the success of the present and future missions. Sampling
sites will be selected on the basis of visual survey and samples examined both
in situ and in hand specimen, with the ultimate objective of possible selection
for return to earth and detailed analysis.

b. Selected Measurements and Observations

Considered in the initial planning of the field geology phases of
the APOLLO program were as many possibly relevant observations, measure-
ments and experiments as possible. These were individually rated on a 1 to
10 basis according to their contribution to fundamental lunar problem areas
(Appendix C). The numerical ratings are judgment values but provide a
realistic estimate of the relative importance of the observations and measure-
ments and, as summarized in Figure 1-2 a concept of the relation of field
geology to the individual problem areas. Field geological studies will contri-
bute most heavily to the solution of problems and questions regarding the
origin and history of the lunar surface, lunar basing and the origin and history
of the earth-moon system. Applications to astronaut safety and lunar traffic-
ability are more restricted.

Of the 83 measurements and observations initially considered,
30 were discarded because of duplication with other study groups or mission
constraints. The remainder were re-examined relative to their contribution
to the five fundamental problem areas, and 17 were retained for inclusion in
the matriv decision system. They are shown in Appendix F and are discussed
below. It must be reiterated that these were not selected in terms of con-
ventional terrestrial field geology practices but rather on their contribution to
the five problem areas, on the basis of mission constraints and in the light of
the known lunar environment,

The field geological measurements, observations and experi-
ments to be performed are determinations of:
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Rock composition
Areal gradations ‘
Mineral identification

Structures (kind, attitude and trend)

Boundaries of surficial materials (horizontally and vertically)

Texture of surficial material (consistency and composition)
Localization of ore and its genesis

Rock texture (grain size, shape, proportion of glass to crystal)

Rock fabric (arrangement and distribution of grains)

Bedrock exposures (attitude, extent, composition)

Reflectance and emissivity of surface materials

Kind and amount of ore minerals

Stratigraphic sequence

Formation contacts

Attitude and extent of mineral deposits

Rock color

Abrasive hardness

PROBLEM AREA

HAZARDS

TRAFFICABILITY

BASING

ORIGIN AND HISTORY
OF LUNAR SURFACE

ORIGIN AND HISTORY
OF EARTH-MOON SYSTEM

I 1 1 1 1
0 100 200 300 400 500 600
SUM OF ALL MEASUREMENTS

Figure I-2. Preliminary Estimate of Relative Contribution of Field Geology '
Measurements and Observations to Fundamental Problem Areas.




3. Importance of Measurements, Observations and Experiments Selected

Selection of the field geology measurements and observations
was based on their contribution to the fundamental problem areas considered
for lunar exploration. Reasons for selection arediscussed by problem area.

a. Hazards

Thick, noncohesive dust deposits may be a serious hazard during
surface geological operations. The astronaut may be engulfed or mired in dust,
or a surface comprised of bonded dust particles may collapse under his weight.
Thinly covered fissures and irregularities as well as unstable dust-covered
slopes also constitute distinct hazards. The possibility of stirring up dense
clouds of dust as the surface is traversed also must be considered. Electrically
charged dust particles might accumulate on the spacesuit and on equipment and
also might impair the operation of communications equipment. Measurements
and observations of the consistency and composition of lunar dust, its areal
extent, thickness, and rate of change of thickness will enable the explorer to
know if dangers do indeed exist and, if they do, how they can be avoided or
circumvented.

Rock texture and abrasive hardness measurements will indicate
areas where excessive wear may occur and where sharp and abrasive rock
edges may be abundant. Examination of structural features, especially those
formed by faulting, will yield information which will reduce the possibility,
even though remote, of hazards related to seismic ground motion and mass
movements. Reflectivity and emissivity measurements have indirect application
to astronaut safety. The measurements will provide data useful to understanding
problems of lunar depth perception and the nature of shadowed zones.

b. Trafficability

Progress across the lunar surface can be impeded or stopped by
thick deposits of loose material. especially uncohesive or weakly bonded
deposits of dust. Measurements and observations to determine thickness,
cohesion, consistency, and lateral extent of dust and similar surficial deposits,
coupled with the measurements outlined in the chapter on soil mechanics are
Prerequisites before excursions, afoot or in vehicles, can be undertaken with any
degree of confidence. Loose surface materials may collapse if weakly bonded,
can cause loss of traction and eventual miring and can thinly cover fissures and
crevices which will be subject to collapse when crossed.

Excessive wear at vehicle contacts with the surface, damage by
sharp rock edges and, to some extent, excessive vibration can be avoided or
predicted by careful measurements of abrasive hardness and by determining
surface rock types and their mineral constituents. Geologic structures
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produced by faulting and folding may have produced topography difficult to

traverse or that is a physical barrier to surface movement. ‘

To predict which areas may be safe or unsafe for surface move-
ments, areal gradations of bedrock, topography, dust deposits, and rubble
must be known. Generally, careful visual observation will suffice for these
determinations.

c. Basing

Field geological measurements are applicable to lunar basing in
two broad areas: engineering-geological considerations and search for and
development of lunar resources.

Site selection for lunar basing must be predicted on sound
engineering practices. Of paramount concern are such factors as foundation
stability, limiting unsupported slopes, grading and tunneling characteristics,
energy requirements for excavation, load-settlement relationships, and cut-
and-fill requirements. To obtain these data, measurements and observations
must be made of the geologic structure, bedrock characteristics, areal
gradations, rock type and hardness, rock texture and fabric, mineral com-
position, thickness, distribution and consistency of surficial deposits,
formation contacts, and stratigraphic sequence. Stratigraphic and structural
relationships also could be applied to locating areas where natural shelter may
occur and areas that may be undesirable for basing because of unstable ‘
conditions or possible seismic activity.

Field investigations must be accomplished to ascertain the
availability and extent of material that may be useful for lunar construction
and future basing. Petrologic and mineralogic determinations and structural
relationships are essential to discover suitable deposits of dimension stone,
shielding material, fill, and possible supplies of aggregate.

Water on the moon may occur as ice in permanently shadowed
zones, in volcanic sublimates or combined water in extrusives, as perma-
frost in subsurface material, in carbonaceous chondrites, or crystallized
water in serpentine. Field reconnaissance and understanding of structural
and stratigraphic relationships are required to identify possible zones of
volcanic activity, ice deposits and permafrost occurrences. Rock and mineral
identification and texture and fabric determinations are necessary in the search
for sublimates and rocks containing combined water or crystallized water.
Structural cross-sections prepared from field observations will provide an
additional tool in the search for water sources.
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d. Origin, History and Age of the Lunar Surface

Rocks, structures and topographic features of the lunar surface
are evidence of its mode or origin and its past history. Geologic measure-
ments to determine rock type and mineral content will indicate whether the
surface is of volcanic origin, was formed by impact or by a combination of
these and other processes. Inferences on the past history of the surface can
be drawn from a thorough grasp of rock and mineral composition of bedrock and
surficial materials and of rock texture and fabric. From rock composition,
texture and fabric, evidence often can be gleaned regarding: magmatic dif-
ferentiation and segregation; temperature, depth and pressure of formation;
alteration since solidification; rate of cooling; mode of emplacement; assimi-
lation effects; rates and direction of flow; composition of the magma; nature
of the country rock; and the possibility of impact origin.

Structural and stratigraphic relationships repeatedly used on
earth to determine historical sequences also can be applied to unravel past
lunar history. These include: superposition of stratigraphic units; dislocation
of formations; intrusive relationships; chilled zones; correlation techniques
involving mineral constituents; and areal gradations and truncation of rock
layers and structures by faulting. In some instances, color may be used to
designate relative ages of surface flows or even of weathered surfaces. Com-
position of dust deposits and the manner in which they originated can be applied
to understanding lunar history. These deposits may consist of volcanic frag-
ments and may contain micrometeoroid fragments, phase-transformed
minerals or shatter cones. Superposition of structural and topographic
features and their dislocation may permit determination of their relative ages.
This may be applied to faults, folds, impact and volcanic craters, fracture
systems, and joint patterns.

Measurement of reflectance and emissivity properties of the
lunar surface will contribute materially to knowledge of the history and origin
of the moon's surface. From early APOLLO missions, detailed surface
information will be obtained for only a small fraction of the surface. but
remote sensing imagery from earth-based and lunar orbital missions will
provide coverage of all of the earth-facing side of the moon. Areas with the
same imagery characteristics for which ground data is available are
considered analogous, and geologic and geomorphic relationships of the known
areas can be extrapolated. Reliability of the extrapolation will be increased
greatly if the reflectivity and emissivity properties of the landing sites are
known, especially when augmented with data on surface configuration.

Reflectivity measurements also would permit assessment of
existing geologic maps of the moon which constitute a considerable portion of
geologic knowledge of its surface. Preparation of the maps is based on
reflectance characteristics of large areas, and geologic units are delineated
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on variations in reflectance. Measurements on the lunar surface would enable
an evaluation of the degree to which reflectance could be correlated with ’
geologic data.

Determination of the absolute age of the lunar surface, using
radioactive decay rates, is dependent on the occurrence of certain minerals
and, of course, their recognition by the field astronaut. Sequences of
magmatic activity can be discovered by sampling rock bodies. Exposure ages
of meteoroids (Signer, 1963) may be determined by analysis of products of
cosmic radiation and nuclear reactions.

e. Origin, History and Age of Earth-Moon System

Field geological measurements and observations can be applied
to this fundamental problem in work concerning (1) origin of the moon as
revealed by the composition and nature of its rocks, (2) absolute age deter-
minations by means of decay rates of radioactive minerals and (3) interpretation
of gross structural features to discover the major forces that have acted upon
the lunar body in the past.

The principal hypotheses for lunar origin are cold meteoritic
accretion with or without later radioactive reheating, cooling of a molten body,
tidal separation from the earth, and gravitative capture of a large planetoid.
The most revealing evidence of lunar origin is the material of which the moon .
is composed. Identification of rock types and mineral associations and a
detailed examination of the texture, fabric and primary structures of rocks
will be an indication of the manner in which the moon originated. The presence
of basic and acidic igneous rocks and other evidence of magmatic differentiation
would suggest a molten stage in lunar history. The absence of igneous rocks
and dominance of aerolitic material would constitute strong evidence that the
moon was formed by accretion or gravitative capture. If terrestrial sediments
or mantle-like material are recognized, separation of the lunar body from the
earth would be most likely. .

_ Absolute age of the moon, contrasted to the recognized age of
the earth, has direct application to understanding the earth-moon system.
Radioactive mineral determinations and field reconnaissance are necessary to
discover and select the applicable materials.

Gross structural patterns of the moon will indicate the forces
that have acted and may now be acting on the lunar body. These forces may
have been derived from internal stresses, impact or earth tides. Data
accumulated from field geological studies of major fracture patterns and fold

trends may eventually indicate the moon's past relationship to the earth and
much of its history.
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4. Nature of Property or Phenomenon Measured

All measurements and experiments deemed important for the
field geology portions of APOLLO missions are passive, with the exception

of abrasive hardness which is an active measurement involving partial
destruction of the sample.

To determine the attitude and extent of mineral deposits,
horizontal and vertical boundaries of surficial accumulations and nature and
attitude of bedrock, both horizontal and vertical measurements must be under-
taken,

Point measurements in the geological studies will provide
valuable data, but multiple measurements should be made to determine all
properties and phenomena selected. Multiple measurements are required
because of areal variations and not because of time dependency.

The bulk of the measurements to be performed in the lunar

geologic studies will be made in place, on samples extracted on the moon and
again on samples returned to earth. This is true for the determination of:

dust textures, consistency and composition; rock composition; mineral
identification; ore deposit genesis; rock textures and fabric; nature

of bedrock; kind and amount of ore minerals; reflectivity and emissivity;

rock color; and abrasive hardness. Observations and tests will be at the ‘
outcrop, on samples removed from the outcrop and examined in hand specimen,
and in the laboratory in a precise and detailed manner. Six of the measure-

ments will be made only in place: boundaries of dust and other surficial
material; structural trends, types and attitudes; areal gradations; strati-

graphic sequence and formation (including intrusive) contacts.

5. Problems Associated With Field Geology Measurements and
kExperiments

a. Safety Considerations

The field geologist must be aware of lunar environmental
conditions which may be hazardous and detract from his effectiveness. The
intensity of sunlight to which the lunar explorer will be exposed is about twice
as great as on earth because of lack of attenuation through an atmosphere. The
resulting visual effects and potential physiological hazards may be controlled by
filter techniques. Without such control, the sunlight may affect his observations.
For example, in areas of massive, nonporous rocks, to the naked eye there
may be little or no color difference in the terrestrial sense under the direct,
high-intensity sunlight. Depending on reflectivity, illuminated areas may
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appear glaringly bright and shaded areas black. In the case of a porous sur-

face exposure, light will be reflected only slightly. Consequently, visual

contrast between neighboring surfaces may be very high. Based on terrestrial ’
observations, dark maria areas have a visual albedo of about 0. 05, whereas

some of the brighter crater rims possess an albedo of about 0. 40.

It is also possible thatlighting variations may affect the astronaut's
depth perception, but it is believed that such effects can be overcome quickly
by relearning perceptual cues. Another consequence of the environment is that
the astronaut may have locomotion problems due to modified functioning of his
inner ear and the increased strength relative to his weight in the reduced gravi-
tational field. He will need to exercise caution during his movements across
the lunar surface, particularly during the initial period when he is adjusting to
the new environment.

It is expected that portions of the lunar surface will be rough,
with extensive areas littered by jumbled talus and ejecta. The astronaut must
take care in crossing such areas to reduce the possibility of falls and brushing
against sharp rock surfaces. A hand staff can be used as an aid in traversing
these areas and as a probe in areas of dust or suspected surface weakness. If
a penetrometer proving ring and gauge is attached, soil mechanics data can
be obtained simultaneously.

In collecting and trimming rock samples, there is always a pos-
sibility of flying fragments of rock or metallic pieces of the pick. The ‘
astronaut should be aware of this hazard and adopt appropriate precautionary
techniques.

b. Sampling

Sample collection is an integral part of any successful field pro-
gram. Sampling, never aneasy task, may be formidable on the moon, especially
in view of the scant data available on lunar rocks and surface conditions, the
limited time that can be used for sample collection, the diverse purposes for
which the samples will be used, and the restriction of a return sample load of
approximately 80 1b including exposed film.

Sampling of surficial material and surface and subsurface rocks
cannot be performed in a haphazard or grab-bag manner. A carefully planned
sampling program provided with alternative procedures must be devised and
followed. In spite of limited knowledge of lunar geology, sampling procedure
diversity can be illustrated with two extreme conditions that may be
encountered. The lunar area of investigation may be geologically simple, i.e.,
consist of homogenous rocks and be uniform structurally. If these conditions
prevail, a grid system of sampling based on statistical analysis might be the
most effective and scientifically sound procedure. Stratified, systematic or
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stratified-systematic sampling methods, described by Krumbein (1953, 1954)
could be used with the grid pattern. At the other extreme, the region to be
sampled might consist of heterogeneous rocks and be complex structurally.

A stratigraphic section might be exposed in a cliff, escarpment or crater wall
and portions of the area be blanketed by dust of several types. Structurally, it
could be transected by several faults and impacted by a meteoroid. A statisti-
cal sampling program would provide representative specimens, but the most
valuable or critical evidence could be overlooked. It is apparent that the
sampling program in this situation must rest with the astronaut. His training,
power of observation and sound geologic judgment will be applied to determining
where, how and what to sample.

Sampling programs for a wide variety of geologic configurations
must be formulated. Consideration should be given the applicability of spot
samples, serial sampling to test hypotheses, representative samples, sampling
for bulk composition and distribution of composition, oriented samples, and
subsurface samples. The purpose for which the samples will be used is a
further consideration. Among uses of lunar material will be display, bio-
Iogical and chemical analysis, compositional studies, petrographic analysis,
isotopic and age determinations, and engineering studies.

Additional difficulties in sampling can result from direct action
of the individual doing the sampling. Attention must be given the possibility of
sample contamination, and the astronaut must be aware of introducing bias in
sample collection. He is also responsible for knowing and recording the precise
location from where samples are taken.

The full payload of samples must be returned even if mishap has
Prevented acquisition of sufficient carefully selected specimens. On early
APOLLO missions, any lunar sample is-a good one and, if it becomes neces-
sary to obtain the last few pounds of the payload indiscriminately, it should
be done.

The foregoing discussion is indicaiive uf a few of the prcbleme
associated with sampling. A separate, detailed study of lunar sampling methods,
procedures and programs is recommended.

c. Field Geologic Maps and Photomosaics

Scale of geologic maps and photomosaics may seriously limit
their application to field studies. It is planned to prepare them from Orbiter
photographs, the scale of which is expected to be 1:20,000, Life support
systems limit the astronaut to a maximum of a 2-1/2-hr operating range from
the landing site. Considering uncertain footing, confusing lighting, high center
of gravity, space suit problems, low lunar gravity and burden of equipment,
the astronaut can progress approximately 1000 ft from the LEM in the time
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alotted for walking. At the aforementioned scale of 1:20, 000, he can investigate
about a 1-1/4-in.square area on the map. Furthermore, because of safety .
considerations and engineering constraints, the landing area will be relatively

flat and featureless and, in all probability, geologically monotonous over an
operating range of 1000 ft.

In spite of these difficulties, astronauts should be equipped with
a photogeologic map of the area with a contour overlay. It can be enlarged and
used for the purpose of orienting and locating features of interest. For plotting
geologic data obtained in the field, photographs obtained during descent and
printed and enlarged in the LEM are recommended. Descent photography is
discussed in a following section of this chapter and in Chapter IV, Support
Technologies.

6. Field Geological Equipment and Instruments

Equipment and instruments necessary for lunar field geology
studies are not complex and, for the largest part, can be adapted with slight
modification from existing equipment. Instruments required to perform the
selected observations and measurements are:

Hand camera with flash attachment
Communications link to the LEM
-Photogeologic map

Geologist's pick

Multipurpose staff

Sample bags

Sampling tools

Sample containers

Gyrocompass

Inclinometer

Magnifying glass

Sun compass

Reflectance radiometer

Magnet

Light source

Scale (for weighing samples)
Hardness point

A geology kit, consisting of the items shown on Table I-1,
will be carried on all flights., The remainder of the equipment required to
perform field geological measurements either is (1) included in the sampling
package (see p. IV-24 to 26), (2) incorporated in the spacesuit (communications
link and magnifying glass), or (3) hand-held equipment (camera, staff, radi-
ometer) which is listed individually on the mission schedules of Part I,
Chapter II.

I1-22




Detailed instrument evaluation sheets, including weight and
volume values, are shown in Chapter V. A brief discussion of field geological
equipment and instruments follows.

TABLE I-1

EQUIPMENT COMPRISING GEOLOGY KIT WITH
WEIGHT AND VOLUME REQUIREMENTS

Instrument bs In, 3
Gyroscope with Inclinometer 3.0 22
Light Source (flashlight) 1.7 12
Scale (for weighing samples) 1.7 3
Sun Compass 0.3 3
Photogeologic Maps (3) 0.3 _6

Total 7.0 46

a. Hand Camera With Flash Attachment

A camera capable of producing stereo photographs both in color
and black and white should be provided for adequate performance of the field
geological study. So photographs can be obtained in shadowed zones, the
camera must be equipped with flash attachment. To record microstructures
of rocks, dust and lunar soil, a special copy lens should be provided. A
detailed discussion of the camera and film, including its application as a sur-
veying instrument, is presented in the surveying, photography and mapping
section of Chapter IV,

b. Communications Link

A tape recorder in the landing module will supplant the notebook
and pencil conventionally used by the field geologist. The astronaut performing
field studies can be provided with a transistorized transmitter and his obser-
vations permanently recorded. Tape recorders designed for space use by the
Leach Corporation weigh as little as 7. 5 1b, have been tested for operation for
temperature ranges from -30°F to 165°F and are radiation-hardened for
operation in the Van Allen belt. The equipment should be able to record ordi-
nary conversation from 100 to 6500 cps. Leach Corporation has a contract to
develop the tape transport of the APOLLO spacecraft, and it or a similar
instrument would be applicable.
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c. Photogeologic Mosaic With Contour Overlay

Despite scale difficulties and the impracticality of attempting
to plot sample locations or attitude and structure symbols on a map, it is
desirable for the astronaut to have a photogeologic map with a contour overlay
of the region to be investigated. It can be prepared from photographs from
unmanned missions and manned orbital flights. Even more desirable would
be an enlarged photograph of the landing area and vicinity. Photographs could
be taken with a descent camera from the hover altitude. The film would be
developed, enlarged and printed prior to exit from the LEM. A 10-in. x 10-in.
photograph could be prepared at either a scale of 1:1200 or 1:2400 and used by
the astronaut to select traverse routes and features of interest and by the
observer in the LEM to plot geologic data, sampling sites and traverse routes.
Descent photography is discussed in more detail in the Geomorphology section
of this chapter and in Chapter IV.

d. Multipurpose Staff

A multipurpose staff is a critical piece of equipment for the
astronaut. It can be used as a walking staff to assist in traversing rough
surfaces and steep slopes, as a rod to help maintain balance, as a pry bar,
for a probe to be used in passing over surfaces of questionable bearing
strength, and as a steady platform on which the hand camera can be placed
for photography.

\ There should be consideration to converting it to a Jacob's
staff by attaching an inclinometer and to adding a small magnetic appurtenance.
If a proving ring and Ames dial were added, the staff could be used as a
penetrometer to obtain soils engineering data. It also would be desirable to
inscribe a scale on a portion of the rod and to paint it appropriately so it could
be used as a ranging rod.

The multipurpose staff should be sturdy, of light and durable
material and constructed to telescope into a short length to meet LEM payload
constraints.

e. Geologist's Pick

A metallic pick of nonmagnetic material can be developed from
existing models. Corners of the impact surface should be removed before use
to reduce the possibility of flying metallic fragments. It is suggested that an
easily read scale be inscribed on one edge of the handle.
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Geologists habitually leave picks on outcrops, so it is recom-
mended that a thong of appropriate length be attached to the pick so that once
it is removed from the sampling package, it can be attached pPermanently to
the space suit. It would be advantageous to have a spectroscopic record of the
metal used in the pick (and of the metal in the multipurpose staff and sampling
tools) so the signature of the metal could be used for comparison should sample
contamination be suspected.

f. Sample Bags

Sample bags should be provided for return of specimens of rocks
and surficial material. Modification of existing types with a special inner liner
should be adequate. A system must be devised to avoid the common error of
sampling and subsequently not knowing where the sample was obtained.

One suggestion is to use bags color-keyed to designate the different excursions
of a given flight inscribed with large, easily read consecutive numbers.

Each sample location should be photographed, with the bag or bags included

in the picture. Sample locations would be plotted (by the astronaut in the
LEM) on the photo map of the landing site.

g. Sampling Tools

A combination sampling tool capable of cutting, sawing, pounding,
and levering rock material and another to scoop up incoherent material must be
developed. The knife blade can be used as a hardness point, and a small magnet
might be embedded in the handle of one of the tools. Possible prototypes of both
tools are discussed in the section on sampling techniques in Chapter IV.

h. Sample Containers

For delicate and extremely fragile samples, especially of bonded
Qust structures, special containers will be reguired. The pressure container
discussed in the sampling section of Support Technologies, Chapter IV, is sug-
gested for this purpose.

i, Gyrocompass

To measure directions, use of an instrument such as the Brunton
compass cannot be relied upon because of meager knowledge concerning the
magnetic field of the moon. A gyrocompass may be applicable for this purpose.
Once a reference direction has been determined from inside the LEM by star
sights or other techniques, the gyrocompass can be started and compared with
the established reference direction. The gyro arrangement permits the rotor's
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spin to remain fixed in space (aligned to the reference direction) regardless of
positioning of the base or outer gimbals. The spin axis provides a known ref-
erence direction and by using a sighting bearing circle, relative bearings of the
strike of lunar formations, structures and trends can be obtained. This instru-
ment must be developed for lunar use.

j. Inclinometer

An inclinometer can be attached either to the gyrocompass or to the
multipurpose staff (converting it to a Jacob's staff). Incorporation of the in-
clinometer with the gyrocompass is probably the better choice inasmuch as bear-
ings and angles then can be made with the same instrument. Angle of inclination
of formations, topographic slopes, fault planes, and fold axes can be deter-
mined easily. The instrument is simple; lightweight, compact and easily read
models can be adapted from on-shelf items.

k. Magnifying Glass

Magnifying devices are desirable to discern the representative
qualities of rock, mineral and dust samples. Considering the encapsulated
astronaut's limited dexterity and the 3-in. separation from eye to visor, any
on-shelf hand lens would be inadequate. It may be advantageous to make a
portion of the visor a magnifying lens or to provide an attachment that can be
moved in front of the visor for magnifying purposes. This equipment must ‘
be developed and thoroughly field-tested.

1. Sun Compass

A simple compass rose with a central spike is a useful portion
of the field geology package. It should have a circular scale concentric with
the center pin so the latter's shadow length and apparent height can be gauged.
Shades of gray and color hues can be arranged along the upper edges of the
supporting base. The compass, when included in photographs of sample sites,
rock exposures, joint patterns and similar features, will provide a means of
determining the altitude of the sun when the picture was taken, orientation of
the camera, position of the astronaut relative to the sun compass, scale, and a
guide to the color of surface material. Bearings of a complex joint system or
other intersecting linear features can be recorded with a single photograph if
the sun compass is used. Only minor alteration of existing equipment is neces-

sary to obtain a satisfactory instrument. A schematic drawing of the sun
compass is shown on p. V-50,
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m. Reflectance Radiometer

A hand-held reflectance radiometer which will measure reflected
radiation in the ultraviolet, visible and infrared (to at least 14 microns) range
is required for direct measurements of the reflectance properties of lunar
surface material. The radiometer should be designed so that emissivity of
these materials also can be determined. An instrument which can record from
ultraviolet through infrared to 14 microns and which is acceptable for use on the
moon must be developed.

n. Magnet

The astronaut should possess some means of testing rocks,
powdered rocks and dust for their magnetic properties. The magnet could
be included as a portion of the multipurpose staff or embedded in the handle
of the geologist's knife. A wide variety of existing magnets can be used for
this purpose.

o. Light Source

A light source such as a flashlight should be provided to assist
observations in shadow areas., Without the illumination, it would be impossible
to make in-place observations or perform meaningful measurements in the
shadow cast by prominences of all sizes. Modification of existing equipment
will be necessary and, of course, the lunar model must be light, durable
and dependable.

P- Weighing Scale

Only 80 1b of material can be returned to earth. Weight estimates
are not dependable, particularly in the unfamiliar lunar environment, so a spring
scale should be included in the geological equipment package. The scale can be
develaned from an-chealf itame hut chnanld ha mmnoaed lichtweicht and naad hatra

Ir e TIm s e~ S mes = e ~ - i — ¥ - Bl J -t TTOTTY VeSSt e aase v~
only a 50-90 1b range calibrated to lunar gravity. The sample storage com-
partment in the LEM will have a liner which can be taken outside, loaded and
weighed.

q. Hardness Point

The blade of the sampling knife included in the sampling pack-
age can be used to make rapid on-surface hardness determinations. In all
probability, individual determinations with a blade of known hardness will be
adequate. In this manner, it can be recorded if a rock or mineral grain is
softer or harder than the metal of the blade or of equal hardness. However, if
a wider range of hardness determinations is preferred, the sampling tools can
be made of material of different hardness and determinations made accordingly.
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7. Ranking of Field Geology Observations and Measurements

The following observations and measurements, listed in

approximate order of importance, are recommended by the field geology

study group:

Rock composition: surface and subsurface

Areal gradations: surficial material, bedrock, topography
Mineral identification: surface and subsurface rocks
Structures: folds, faults, linear trends, kind, attitude
Boundaries of surficial material: horizontally and vertically
Texture of surficial material: consistency and composition
Localization of ore and its genesis

Rock texture: grain size, shape,proportion of glass to crystal
Rock fabric: arrangement and distribution of grains
Bedrock exposures: attitude, extent, composition
Reflectivity and emissivity of surface materials

Kind and amount of ore minerals

Stratigraphic sequence: correlation of rock horizons
Formation contacts: position and orientation

Attitude and extent of mineral deposits

Abrasive hardness

Rock color

Performance of these geologic measurements and interpretation

of data derived from them will contribute heavily to astronaut safety, to insure
success of future missions and to solution of the problem of lunar basing. Many
of the measurements will lead not only to an understanding of the origin and
history of the moon and its surface, but ultimately to a broader and more
detailed conception of earth history and origin.




D, GEOMORPHOLOGY
1. Introduction
a. Definition

Fundamental to the problem of lunar exploration is the
determination of characteristics of the lunar surface and its land forms.
Geomorphology encompasses the description and understanding of relief
features and is defined as that branch of geology dealing with the origin of
landscapes, their form, nature, origin, and alterations. The science can be
divided into descriptive geomorphology and genetic geomorphology or
geomorphogeny. Descriptive geomorphology is concerned with the form and nature
of surface features and the development of techniques to describe, classify,
map, and compare features and areas. Genetic geomorphology treats the
origin and development of surface features and the processes modifying
these forms. In discussing terrestrial geomorphology, von Engeln (1942)
observed that, inasmuch as the literal meaning of the word is a discourse
about the form of the earth, it is necessary to consider the earth's configura-
tion as a whole and the shape and disposition of its larger units in conjunction
with the analyses of land forms. His attitude has been adopted in this study
to render an inclusive treatment of lunar geomorphology.

A geomorphic investigation of the lunar landscape must be
directed toward determining: (1) how the surface features were formed,
(2) what forces modify them, (3) what their physical characteristics are, and
(4) how they can be classified.

b. Land Form Classification

Land forms may be classified either on the basis of their mode
of origin or by their configuration and composition. In the first instance,
terrestrial relief features are divided into three broad classes, primarily on
the basis of size. Secondary groupings are made within these classes to
segregate land forms relative to their mode of origin. Suriace {catures alsc
may be classed with complete disregard of their genesis. The only concern
is their size, shape and composition.

1) Genetic Classification

First-order land forms on earth, continents and ocean basins
have lunar equivalents in terrae and maria. Second-order land forms are
plains, plateaus, hills, and mountains, and the relief features of the moon
readily fit into the same groupings. Third-order land forms are smaller
features superimposed on second-order forms. On earth, they are exempli-
fied by valleys, cliffs, basins, fault scarps, volcanic cones, alluvial fans,
and sand dunes. In the lunar environment, such features as volcanic cones



and craters, rilles, talus slopes, lava flows, walled plains, cliffs, and most
impact craters comprise the third order. Within these major size groups, ‘
subdivisions are determined by the manner in which the land form originated.
Genesis of relief features is a result either of endogenetic (internal) or
exogenetic (external) forces. In the lunar environment, as on earth, endoge-
netic relief features result from: (1) compressive or tensional stresses
within the crust forming folds, tilted surfaces or, in the event that rupture
occurs, faulted structures; and (2) intrusive and extrusive volcanic activity.
Volcanism may form vast array of possible features ranging from batholiths,
laccoliths and lbpoliths to lava flows, craters, domes, calderas, and explo-
sion pits.

Principal exogenetic forces acting on the surface of the earth
are running water, waves, wind, glaciers, and gravity. On the moon, it is
probable that gravity, meteoroid and micrometeoroid impact, and particulate
radiation are the main surface-molding agents.

The manner in which exogenetic and endogenetic forces act is
used to classify land forms further. Some relief features are constructive
(aggradational), having been formed by processes resulting in accumulation;
others are destructional (degradational) and developed because of the removal
of material. Grouping by this procedure has equal application to lunar fea-
tures.

In a genetic classification, it has been shown that parallelism
exists for lunar and terrestrial land forms, both on a broad-size classifica-
tion and genetically insofar as endogenetic processes and constructional and
destructional forms are concerned. The exogenetic processes are radically
different. Many of the terrestrial surface molding forces do not act on the
lunar surface, and the active processes play disproportionate roles to their
terrestrial counterparts. Although largely subjective and qualitative, a
genetic terrain classification is advantageous in that it has direct application
to an understanding of the origin, history and age of the lunar surface.

2) Geometric Classification

A useful and objective method of classifying land forms is on
the basis of size, shape and composition. The natural phenomenon respon-
sible for the formation of a relief feature and whether it may be constructional
or destructional is not considered. Rather, the material of which a land form
is composed and the parameters which express its geometry are used for
classification. A variety of parameters has been applied by different obser-
vers. Grabau (1958), for example, proposed using height, spacing,
occupancy, hypsometric area, elongation, and parallelism. The parameters
of Van Lopik and Kolb (1958) adequately describe a land form and are
recommended for use in the APOLLO study. These are slope, relief, ‘
occurrence of steep slopes, and planar and cross-sectional shape.
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A classification based on composition and terrain geometry has
the following advantages: (1) when viewed in concert, a reasonably complete
picture of a given terrain is provided; (2) a suitable method to test analagous
terrains in either lunar or terrestrial environment is possible; and (3) the
terrain parameters have meaningful application to problems of trafficability,
mobility, hazards, and engineering requirements.

c. Modifying Processes

Another concern in geomorphology is the transient and con-
tinuous processes acting upon land forms and modifying their appearance.
They have particular significance in understanding the possible cyclical
development of relief features. If such cyclical development occurs, relative
ages of segments of the lunar landscape can be ascertained. Furthermore,
such processes may be directly applicable to the development of hazardous
conditions, trafficability problems and basing considerations. The following
are among the more likely processes resulting in the modification of existing
land forms.

1) Meteoroid and Micrometeoroid Impact

In addition to forming fundamental topographic features,
impacts subsequently alter existing forms by mechanical pulverization.
Some of the fragments thrown out by the impact escape from the moon, some
of the impacted surface might be vaporized or melted and other fragments are
transported varying distances from the impact point. A large amount of debris
will be produced, as each impact probably will eject debris many times the
mass of the impacting body. Moreover, the larger ejecta fragments, as
they strike the lunar surface, will produce secondary ejecta fragments.

2) Radiation

It has been suggesied thai K-ray aund uliraviolet radiation could
affect the internal structure of mineral crystals and also be responsible for
the darkened surfaces of certain lunar areas. Therefore, radiation of this
type is a slow, modifying activity that should be considered.

Exogenic particulate radiation may cause surface alterations
by means of atomic sputtering. It is probable that some of the sputtered
particles escape into space, and it has been estimated by Wehner, Kenknight
and Rosenberg (1963) that sputtering caused by solar winds in the past 4.5
billion yr may have reduced the lunar surface by approximately 20 cm.
Sputtering also may be effective in crusting or cementing loose particles of
dust and other fine-grained surficial materials.
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3) Gravity .

Mass wasting is expected to be one of the most important
gradational processes acting upon the lunar surface. As defined by Thornbury
(1957), mass wasting involves the bulk transfer of masses of rock debris
down slopes under the influence of gravity. The effects of gravity tend to
reduce steep slopes, such as those formed by diastrophism, volcanism and
impact. Lunar mass movements that may be active agents of planation and
transportation are slow downslope creep of surficial material, slump, rock
and debris slides, rock falls, and rock creep.

4) Volcanism

Volcanic activity, too, would modify existing relief features.
Ejected blocks would be transported, and many might fragment on impact.

Nearby areas would be blanketed with ejecta and depressions filled with ash
and other ejecta.

5) Micrometeoroid Infall

Infall of fine micrometeoroid particles constitutes a deposi-
tional process of considerable interest--one which alters the appearance of
the lunar landscape and would tend to stir and mix lunar surface material ‘
more or less continuously. 6pik (1962) estimated that a complete turnover
of the upper l-cm layer by the action of micrometeoroids would occur in
approximately 104 yr.

6) Electrostatic Transport

In the ultrahigh vacuum of the lunar environment, charged
particles may be transported by a series of bounds or hops. Gold (1955)
first suggested that electrostatic effects may be adequate to give fine particles
"fluidity". Singer and Walker (1962) are of the opinion that transportation of
fine-grained material by electrostatic means is appreciable. Particle hops
downslope would exceed those upslope, so this process would tend to assist
the filling of topographic depressions.

7) Seismic Shock

. . Vibrations associated with moonquakes and to some degree
with microseisms may be effective in reducing steep slopes to the angle of
repose, thus acting as an agent for initiating rock transport.
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8) Thermal Cycling

A temperature range in excess of 400°F occurs on the moon,
setting up expansive and contractive forces in the exposed surfaces of rocks.
These forces could cause spallation, granular disintegration and exfoliation.
Temperature change as a method of mechanical weathering has been dis-
counted by Blackwelder (1925, 1933). Griggs (1946), in experimental work
on fatigue failure in rocks due to repeated temperature change, concluded the
process was ineffective except in the presence of moisture. His experiments
were conducted through a temperature variation of only 200°F and for a
period equivalent to 244 yr of heating and cooling. More recent work in
which a temperature change of over 400°F was used also showed that rock
breakdown does not result from thermal stresses. In consideration of the
vast periods of time in which thermal cycling has acted on lunar rocks, a
condition not reproducible in the laboratory, this phenomenon should be
considered a possible agent of disintegration.

9) Ice Thrust and Frost Heaving

Freezing of water to form ice involves a volume increase of
approximately 10 per cent, and the expansive forces set up at -7.6°F may be
as great as 30,000 psi. Water trickling into crevices and pore spaces in
rocks and subsequent freezing can cause considerable mechanical weather-
ing. If ice exists in shadowed zones or polar regions, rock fragments
dislodged by ice thrust may be abundant.

If any moisture exists in the soil, lens-shaped masses of ice
will form in time and the soil above will be heaved upward. Coarse rock
debris tends to work its way to the surface, and a wide variety of solifluction
features, including soil polygons, stone stripes and garlands, pingoes and
thufur, may form.

d. Lunar Relief Features: Surveying and Mapping
1) General Statement

A few selected relief features are used as examples to illustrate
some of the problems associated with the investigation of lunar land forms
and to point out what might be observed. Several factors preclude application
of time-honored terrestrial methods of field study. They include the limited
distance the astronaut can traverse from the landing site, the requirement
that he must remain within sight of the LEM, severe limitations of available
maps, problems of astronaut agility and mobility, and operation in a strange
and hostile environment.
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2) Map Scales

It will be difficult for the astronaut to walk rapidly on the ‘
moon and, because he must exercise extreme caution at all times, it is
unlikely that in the allotted time he will travel much more than 500-1000 ft
from the LEM. On the 1:1, 000, 000 maps prepared by the Astrogeology
Branch of the United States Geological Survey, this range is represented
by 0.006-0,.012 in. It is expected that 1:20, 000 maps can be prepared from
Orbiter photography. On a map of this scale, the maximum distance the
astronaut will traverse is only 0.6 in. In all probability, the region of
investigation will be geologically homogenous over this small area. Further-
more, since a touchdown area of minimum relief will be sought, there will
be few, if any, significant topographic features. It is expected that resolution
of Orbiter photography will permit recognition of features greater than 23 ft
in diameter. To record details of features below resolution of Orbiter
photography, the astronaut must utilize either a large scale map or verbal
description keyed to ground and descent photography.

3) Descent Photography

A practical way to prepare a detailed map of the general
vicinity of the landing area is to take pictures during descent, develop the
film and print a photographic map after landing. Scale must be a compromise
between what will be desirable for surface use and what can be printed con-
veniently in the LEM and (possibly) subsequently carried by the astronaut ‘
to locate features of special interest. A 10 x 10-in. map would be satisfac-

tory for field use, and an enlarger to produce such prints would not be
excessively bulky.

If a 120° lens is used in the enlarger, the print-to-negative
distance necessary to enlarge a 2-1/2-in. negative to a 10-in. print is:

5+ 2-1/2

2
tan 60°

If the picture were taken with a 58.6° lens at approximately 890 ft, the
picture would cover an area of 1000 x 1000 ft, a scale of 1 in. = 100 ft, or
1: 1200. To cover an area 2000 x 2000 ft from the hover altitude, a wide-
angle lens (discussed in Chapter IV, Section C) would be required. The
scale of the photo map would be 1:2400.

= 3.6 in.

4) Investigation of Specific Topographic Features

In view of mission constraints, it is not simple to survey and
map topographic features. It is advantageous to assess some of the inherent
problems by examining procedures involving several lunar land forms.

Impact and splash craters probably will be more numerous .

than any other lunar relief features. Mapping of such craters should be
undertaken because:
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® Such craters constitute logical landmarks for survey tie
‘ points to establish the precise location of the LEM on
Orbiter photography. Craters with diameters in excess
of 23 ft will have sufficient tonal contrasts at low sun
angles to define their shape for easy recognition.

e Impact penetration of the lunar surface may be sufficient
to permit estimation of the depth of bedrock beneath surface
dust and debris,.

e Crater walls may expose a portion of the stratigraphic
section and local structural features.

® The character of large craters may be interpreted from
the relationship between the photographic and geologic
character of smaller craters and their associated rays,
halos and debris.

A major problem in investigating craters is that the astronaut
may disappear from view of the observer in the LEM. Crater depth and
diameter relationship, astronaut height and crater distance from the LEM
must be understood to insure constant surveillance of the astronaut. Crater
depth and diameter relationship has been studied by Baldwin (1963), Fielder

. (1961) and Fulmer and Roberts (1963). From their work, it may be assumed
that apparent crater depth is about 22 per cent of apparent width and true
depth is 17 per cent of apparent width. Fulmer and Roberts (1963) also
observed that the depth of splash craters formed by lower velocity impacts
is approximately 10 per cent of the diameter. Using these data, it is
possible to compute for the craters of various depths the maximum distance
at which the roving astronaut can be seen by the LEM astronaut. Computa-
tions are presented for two conditions: 1) if the astronaut is standing
(Figure I-3); and 2) if he has fallen into a prone position within a crater
(Figure 1-4).

LUNAR SURFACE
TTTT 7777777777777 77777 77 77777777

T I-s—o.sAD“ﬁ
!

TZ -T7Z AZ

MELBaL Ban

Figure I-3. Geometric Relationships for Computation of Maximum Distance
At Which Standing Astronaut Can Be Seen From LEM
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Symbols used to designate heights and distances on Figure 1-3

are .

0 = angle from horizontal to astronaut in the LEM
AD = apparent diameter
AZ = apparent depth = 0.22 AD
TZ = true depth = 0.17 AD
HE = height of astronaut's eye (5. 75 ft)
H = height of eye of astronaut in the
LEM = 16 ft (dependent on LEM landing gear
penetration into surface material)
Xg = horizontal distance at which standing astronaut
is visible to LEM astronaut

The value X‘5 is calculated as follows:

« -H*(TZ-HE) 16+ (0.17AD - 5.75) _0.5AD [16 + (0. 17AD - 5.75)]
s Tan 6 N Tan 6 - (0.22AD - 5.75)

Where the astronaut is prone (Figure1-4), a similar computation
can be made. As illustrated, X is the horizontal distance a prone astonaut is
visible and Tan 6 = AZ/0.5AD Lo. 22AD/0.5AD = 0.45. The value X_=
H+ TZ _16+0.17 AD P

Tan 6 0.45 ) ‘

fe—— 0.5 AD —=

LUNAR SURFACE

i
12 , TZ

Figure 1-4. Geometric Relationships for Computation of Maximum Distance
At Which Prone Astronaut Can Be Seen From LEM

As shown in Table I-2, the apparent depth (AZ), true depth (TZ)
and maximum distance at which the roving astronaut (standing and prone, X
and Xp) can be seen by the LEM astronaut have been computed for various

apparent crater diameters (AD). All measurements shown on Table I-2 are ’
in feet.
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TABLE I-2
MAXIMUM DISTANCE AT WHICH ASTRONAUT (STANDING OR PRONE
IN CRATERS OF DIFFERENT DIAMETERS) IS VISIBLE TO
OBSERVER IN THE LEM

Maximum Distance Astronaut Visible

AD AZ TZ X X
- — - S -2
(0.22AD) (0.17AD) (Astronaut Standing) (Astronaut Prone)
26.2 5.75 3.7 To Lunar Horizon 44
30 6.6 5.1 271 47
40 8.8 6.8 112 51
60 13.2 10.2 82 58
80 17.6 13.6 81 66
100 22.0 17.0 84 73
200 44.0 34.0 116 111
300 66.0 51.0 152 149

It is desirable to investigate the deepest crater in the study
area to see if it extends into bedrock. A crater with a diameter of 300 ft
would have a true depth of approximately 51 ft but it would be too hazardous
to consider seriously a landing within the 152 ft required for astronaut
observation. Probably, a crater, no more than 30 to 40 ft in diameter,
can be investigated with the LEM close enough to permit surveillance of
the roving astronaut and far enough away to obviate landing hazards.

If crater depth exceeds astronaut height, he may have to enter
the crater from the side away {ruu the LEM in order to remain visible,
assuming the slope of the inner walls of that portion of the crater are not

excessively steep. Once inside a crater, the roving astronaut could photo-
graph the crater walls with the camera in a leveled position. Because of

the slope of the lower segments of the crater wall and the camera's view
angle, he may have to take one photograph standing and one from a kneeling
position in order to cover the entire wall. The crater wall nearest the sun will
be in a shadow and must be examined with a flashlight. A small electronic
flash attachment will suffice for photography in shadowed areas if the film is
reasonably fast. Very slow film would necessitate a large electronic flash

in view of the poor light-reflecting character of most lunar rocks (see

Chapter 1V).
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To survey an elevation into the crater, it may be necessary
to photograph the LEM near the crater rim, place the multipurpose staff on ‘
the rim at this point, then enter the crater and photograph the staff.

Rilles, fissures and cracks also merit serious study. It is
difficult to predict width-to-depth relationships of rilles and cracks, but
Salisbury and Smalley (1963) are of the opinion that lunar crevasses would
tend to widen as a result of impacts and slowly fill with dust and debris.

They estimate that a crevasse initially 1-meter wide and l-meter deep would
be approximately 1.5 meters in width but only 20-cm deep after 3.5 x 102 yr.
Baldwin (1963) summarized rille width-to-depth studies and on admittedly

meager evidence suggested that depth may be expected to be 1/4 of the width.

The detectable resolution of a long, narrow feature begins at
about 1/2 the optical resolution (refer to Chapter I, D-8) and, for Orbiter
photographs, is about 4.6 ft. Applying the suggestion of Baldwin, a fissure
or rille 4. 6-ft wide would be only 1- or 2-ft deep but would be partially filled
with loose dust and might have steep walls. An astronaut investigating rilles
and cracks would be concerned with: (1) loose dust that might be present,

(2) ability to stay within sight of the LEM and (3) how high a vertical wall
could be traversed in a space suit. He can probe with the staff and will
have had experience in climbing equivalent slopes in the terrestrial environ-
ment. He will remain in sight of the LEM if the walls do not exceed his eye
level or about 5.75 ft.

Photographs of the walls of a rille, fissure or crack may
reveal evidence of rock layering. Bearings should be taken along the strike,
and depth, width and slope measurements made for trafficability studies.
Photographs of the depth of footprints in the dust would be valuable for soils
engineering studies.

Spread widely over the moon are numerous domes, many with
central craters. It is expected that domes will have slopes not in excess of
2-3°, so it may be feasible for the LEM to land on or near one. Over a
range of 1000 ft, a 2° or 3° slope would produce an elevation change of 35 to
54 ft--easily observable within the range of a 200-mm lens on a 35-mm
camera.

Investigation of domes is scientifically advantageous. As
outlined by Baldwin (1963), it is important to know if the dome has a central
fissure, crater pit, pronounced joint system, or if there is evidence of
flows. The alignment of an intricate network of joints could be recorded
with a hand camera and a leveled compass rose with a central spike. The
direction of shadow on the compass rose in the photograph would refer joint
orientation to the bearing of the sun at the time the picture was taken.
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Many younger craters on the moon exhibit a system of
radiating rays nearly constant in width. The origin of these features is
disputed; a review of ray genesis and its relationship to crater origin was
presented by Shoemaker (1963). Sampling of the various ray and debris
features radiating from craters would be important. It may be extremely
difficult, however, to relate changes in tone and texture on photographs to
what the astronaut can see on the ground. The possibility of a statistical
sampling program at set bearings and distances around craters should be
considered. It would be necessary to locate the center of the crater with
respect to the LEM using the tracking transducer, then make sampling and
photographic profiles on different bearings from the center of the crater.
Sampling will show the relationship of particle size to observed photographic
characteristics of rays which may be applied to ray interpretation of larger
craters elsewhere on the moon.

e. Scope and Objectives of Geomorphic Study

From the standpoint of lunar exploration, form and nature
of surface features will be of primary initial interest. Second, the forces
modifying these forms should be investigated and finally, the origin and
development of the features determined. This ranking is in accordance with
the concept of first being concerned with factors affecting astronaut safety
and the success of future missions and subsequently with scientific considera-
tions. This does not mean that experiments and observations concerning
all geomorphologic fields will not be made on a particular mission, but the
relative importance of these fields in lunar exploration is quite clear.

Data concerning the form of lunar surface features, especially
on the microrelief or microgeometry level, must be obtained to permit
development of techniques for selecting areas suitable for future landings or
basing and optimum routes for surface exploration.

When describing the surface geometry or form of any area,
it is necessary to know the contour iuicival cr tcrrain envelope heing con-
sidered. Although objective and quantitative techniques can be developed to
describe, classify and compare surface geometry at any scale or contour
interval, lunar maps available at the time of the first landing probably will
be inadequate from the standpoint of areal coverage, scale and contour inter-
val to permit valid landing site selection. Consequently, it will be necessary
to develop ways to predict the surface geometry at levels less than the
contour interval of the best available maps. This requires knowledge of the
micro and macrogeometry relations at several points on the lunar surface.
Surface data and photography (at a variety of scales and resolution) must be
obtained for several representative areas. Surface roughness or micro-
geometry data should be collected on early missions to permit development
of techniques for: (1) extending or extrapolating such point information over



areas where only small-scale photographic coverage is available and

(2) describing and classifying specific areas as to their suitability for future

landing sites. Probably, such data can be obtained best with stereo cam- .
eras or descent photography, but the astronaut should be trained to estimate

slopes and distances accurately.

The processes modifying surface features are functions of
time and, if mission constraints permit, will require leaving measuring
devices on the surface, unless rapid erosion or deposition is underway
that could be observed or recorded by cameras. Determinations concerning the
origin and development of lunar surface features will require geologic and
geophysical inputs and well-developed observational capabilities on the part
of the astronaut.

The lunar surface presents a unique opportunity for geo-
morphological studies. Unlike the earth, it has not been modified by running
water, covered and altered by oceans or changed by an atmosphere. Neither
has any apparent obscuring effects of mountain building taken place with
the magnitude or frequency present on earth. Thus, the moon's past history
can be deciphered for a much longer interval, providing an opportunity to
extend knowledge of solar system history much further back than has been
possible heretofore.

From the introductory discussions, objectives of the geo-
morphic investigations are to ‘

e Determine the mode of origin of lunar land forms

® Describe lunar land forms on the basis of composition
and geometric characteristics

® Ascertain forces modifying existing land forms and
attempt to determine the rate at which these processes occur

e Apply this knowledge to possible astronaut hazards, ade-
quate lunar basing, selection of areas suitable for future
landings, problems of traversing the surface afoot or by
vehicle, and unraveling the history, origin and age of the
surface

e Gain insight into the past history of the solar system
2. Geomorphic Measurements, Experiments and Observations

A total of 39 observations, measurements and experiments
originally considered by the study group are listed in Appendix C. Of these,
25 are related to physical properties and 14 to natural phenomena. Most of
these apply exclusively to geomorphic considerations but a few, such as
petrology and mineralogic composition and texture, are more closely allied ’
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to field geology; strength and degree of cohesion are portions of soils
mechanics; radioactivity is included in the compositional study; and seis-
micity is the primary concern of the geophysical study group. All are

considered in this section as they are integral parts of landscape investiga-
tions.

The 39 properties and phenomena were evaluated from the
standpoint of their contribution to the 5 fundamental lunar problem areas,
and 22 were selected for further consideration. The major contributions of
the geomorphic study (see Figure1-5) are to lunar basing, to an understand-
ing of the origin and history of the lunar surface and to insuring astronaut
safety. Physical properties to be determined, or a method by which they
may be determined, in approximate order of their importance, are:

e Ground photography

e Topographic mapping

® Degree of cohesion

e Slope

® Relief

® Texture and mineralogic composition

e Occurrence of steep slopes

® Petrology of surface and near-surface rocks
® Degree of cementation

e Angle of repose

e Strength of surface rocks

e Orientation of topographic highs and lows

Natural ghenomena related ta 1and form development and

modification for which measurements and observations should be made are:
e Areal gradations
® Micrometeoroid and meteoroid flux
e FElectrostatic forces
e Radioactivity
e FErosion
e Thermal cycling

e Transportation mechanisms
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e Particulate radiation flux
e Vacuum outgassing

e Seismicity

3. Importance of Selected Geomorphic Measurements, Experiments
and Observations

Contributions made to the fundamental lunar problem areas
by the 12 geomorphic property measurements and 10 geomorphic phenomena
observations are as follows:

a. Ground Photography

Ground photography is the most important geomorphology-
related activity the astronaut can undertake. When coupled with adequate
sampling of rocks and surficial materials, applications for ground photog-
raphy are immense. It should be used first to verify the accuracy and
detail of prepared topographic and geologic maps. Ground photographs also
will provide a means for extrapolating point data to other areas of the lunar
surface. Pictorial representation is a measure of ground truth and, by
contrasting the appearance of the known area on orbital photographs to
ground photographs, extrapolations to other similar areas can be undertaken.
Ground photography, coupled with surface samples and the recorded visual
observations of the astronaut, will furnish earth-based scientists with a
reservoir from which extensive geologic, geomorphic and environmental
studies can be made.

Ground photography applications to the five fundamental
problem areas are:

1) Hazards

DPhotographes can he need to obtain some idea of surface
inhomogeneity and the presence of sharp rock edges, abrasive surfaces,
unstable slopes, and physical land obstacles to foot traverses and line~of-
sight communications.

2) Trafficability

Visual observations complemented with ground photographs
will provide data applicable to problems of both pedestrian and vehicular
travel. Insight will be gained into vibration and loss of traction, occurrence
of abrasive surfaces and sharp rock edges, the presence of physical land
obstacles, and dust distribution.
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3) Basing

The availability and character of natural shelter including
lava caves and tubes, pressure ridges and caldera lip fractures, and under-
cut cliffs will be revealed by ground photography. Good ground photography
will supply other basing data on surface geometry, nature and location of
bedrock, presence of unstable slopes and fissures, horizontal distribution
and continuity of ground materials, and recent faulting and volcanism.

Direct evidence of possible lunar resources such as useful chemicals, minera-
lization, heat sources and water can be gained from lunar surface photographs.

4) Origin, History and Age of Lunar Surface

Photographic evidence of the distribution and nature of surface
features, bedrock and surficial material is vital to understanding the origin
and history of the lunar surface. Relative ages of some features can be
ascertained and relationships to faulting, jointing and other structures
observed. Variation in color and appearance of surface features may be
evidence of the action of modifying processes and can be used to differentiate
relative ages of formation. The effects of temperature change, sputtering
and ice thrust can be recorded on photographs for subsequent interpretation.
To a large degree, the controversy regarding volcanic or meteoroid origin
of many of the surface features can be resolved from ground photographs.

5) Origin, History and Age of Earth-Moon System

Photographs of bedrock exposures should provide evidence of
the occurrence of differentiation and indicate the possibility of a molten stage
in the history of the moon, Evidences of seismic and volcanic activity will
provide similar data.

b, Topographic Mapping

Mission constraints strongly influences the desirability of
topographic mapping. Practical restrictions are discussed elsewhere in
this section. Further, if accurate and detailed topographic maps can be
prepared from the stereoscopic orbital and descent photography, need for
topographic surveying will be largely obviated. Existing maps, however,
should be verified by means of accurate mapping of even a limited area near
the LEM touchdown site, preferably by stereoscopic ground photography.
Additionally, data from topographic maps will be useful for extrapolation to
other areas of similar appearance on the lunar surface as well as for provid-
ing some concept of the nature of surface roughness.
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If adequate maps cannot be prepared from orbital, descent
and ground photography, topographic surveying then becomes a major con-
sideration.

c. Degree of Cohesion

The nature of lunar surficial material is controversial. An
important aspect of the controversy is the degree of cohesion, This property
received an extremely high rating because of its involvement in questions of
basing, trafficability and possible hazards to the astronaut. The relation-
ship of degree of cohesion of surface material to fundamental problems is as
follows:

1) Hazards

If loose surface material is thick and poorly bonded or
uncemented, there is danger of surface collapse and engulfment of the
astronaut.

2) Trafficability

The degree of cohesion of surface material will affect strongly
the possibility of traversing the surface and the rate at which progress can
be made. If the material is thick and noncohesive, vehicles will mire due
to loss of traction.

3) Basing

Cohesiveness of surficial material bears on many lunar basing
considerations including unequal settlement, limiting unsupported slopes,
nature of shielding material, energy requirements for excavation, and
grading and fill requirements.

4) Origin, Hictory and Age of Lunar Surface

In the event that particles are electrostatically bonded,
vacuum welded or cemented by some other process, something of the history
of the lunar surface can be inferred and a concept of several of the agents
acting on the surface determined. Further, the degree to which the particles
are bound together may permit postulation of the relative ages of portions
of the surface.

d. Slope
Slope, the deviation of the surface from the horizontal, is a

basic geomorphic characteristic. It is a necessary element of any geometric
classification of land forms and is useful in determining genesis of relief



features. Consideration of slope is also important to problems of traffic-
ability and lunar basing and presents possible hazardous configurations.

1) Hazards

Areas of minimum slopes generally would be less dangerous
than areas of steep slopes and would be premium areas for lunar operations.
Rubble-covered slopes present dangers of falling, have an abundance of
sharp rock edges and may be susceptible to mass movements. Steep slopes
may present physical obstacles to foot traverse, and in steeply inclined
areas, the astronaut is more apt to experience falls.

2) Trafficability

It may not be possible to traverse sloping surfaces, particu-
larly if they are covered with loose rubble. Furthermore, steep slopes are
subject to induced or natural sliding. Loss of traction and problems of
vibration and wear are magnified in areas of moderate-to-steep slopes.
Slope is a factor in the nature of surface roughness and in macrorelief
relationships which strongly influence trafficability and mobility.

3) Basing

Basing doubtless will be in areas of minimum slope. Hence,
slope distribution is a fundamental consideration. Limiting angles of
unsupported slopes, areas of potential mass movement and surface rough-
ness are related to the inclination of the surface.

4) Origin, History and Age of Lunar Surface

The occurrence of slopes can be used to infer the origin of
relief features and the modifying forces acting upon them.

e. Relief.

Observation and measurement of relief is fundamental to an
understanding of topographic features and ultimately to their classification.
Relief is defined as the maximum difference in elevation per unit area--an
adequate definition in areas of moderate-to-high slope but not satisfactory
for regions of low slope. A common division is to consider small-scale
features as surface roughness or microrelief and the larger as macrorelief.
The point at which macrorelief becomes microrelief is not well defined, and
definitions of microrelief have set limits as high as 30 ft and as low as 1 in.
In view of trafficability considerations, microrelief or surface roughness
is defined in this report as those surface features exhibiting less than 3 ft
of relief,




Lunar relief feature measurements and observations are
critical for four of the five fundamental problem areas.

1) Hazards

Small-scale relief features will present a hazard to surface
traverse, particularly by vehicles. Highly developed microrelief can
cause excessive vibration, abrasion and immobility. Falling hazards and
abrasion of shoes and space suit also may occur.

Large-scale relief features may impede the astronaut and
subject him to possible falling and abrasion hazards as well.

2) Trafficability

Relief is a major consideration in lunar trafficability, Micro-
relief features can immobilize a vehicle and considerably impede foot
travel. Excessive wear, vibration and equipment damage may occur in
these areas. Macrorelief features often will dictate routes and, in many
instances, block or severely impede progress on the lunar surface. Loss
of visual and communications contact can occur easily in areas of high
relief.

3) Basing

The sites selected will be in areas of low slopes and prefer-
ably of low relief, although steep cliffs adjoining a flat area might provide
partial shelter.

4) Origin, History and Age of Lunar Surface

To determine the origin of the lunar surface and in part its
history, it is a prerequisite that relief and variations in relief be known.

Nediuction of =212 o€ £ Tace d L e 1 mend A £ A £ 3
hcuucnion O Yericl O 1and iormis ic cvideonce of modification, Areac of low

relief must be examined thoroughly to understand their origin and to see if
deposition has played a role in producing such areas.

f. Texture and Mineralogical Composition

The mineral content of surface rocks and the size and
arrangement of mineral grains within these rocks can be applied to answer-
ing many geomorphic questions. Primary applications to the fundamental
problem areas are to lunar basing and the origin and history of the lunar
surface.

1-47



1) Basing

Texture and mineral composition of rocks largely will
determine the strength of foundation material, energy requirements for
excavation, foundation stability, and the problem of unequal settlement.
Mineral composition is of utmost importance in the search for water
resources, useful chemicals and, of course, possible mineralization of
economic use.

2) Origin, History and Age of Lunar Surface

Absolute age of rocks of the lunar surface can be determined
by means of radioactive minerals. Secondary minerals in rocks are evidence
of weathering processes and coesite and stishovite of the meteoritic origin
of associated land forms. Texture and mineral concentrations of other
rocks will reveal whether deep-seated, shallow or extrusive volcanism has
occurred. Mineral association also will provide strong evidence of the
occurrence of magmatic differentiation. A historical sequence of events can
be developed from accurate radioactive age dating.

3) Origin, History and Age of Earth-Moon System

Radioactive minerals can be utilized to determine the absolute
age of the moon, to indicate a molten history of the moon and perhaps to
provide data on possible reheating by means of radioactivity.

g. Occurrence of Steep Slopes

Slope occurrence gives some measure of dissection or the
degree of irregularity of the surface. It is a parameter necessary for
description and classification of landscape and has other applications as
follows:

1) Hazards
Falling hazards, possibilities of induced or natural mass
movement and physical land obstacles to communications and foot traverse
are increased by the density of occurrence of steep slopes. These factors
are also problems to trafficability.
2) Basing
Ideal basing areas probably will be of low slope occurrence.

However, some steep slopes such as undercut cliffs and rilles may be useful
as possible shelter sites.
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3) Origin, History and Age of Lunar Surface

Steep slope occurrence provides information on the origin
of surface features and their modification.

h. Petrology

Knowledge of rock type and distribution is fundamental to
understanding the origin of the lunar surface and is also of utmost impor-
tance in lunar basing considerations.

1) Hazards

The type of rock present strongly influences the abundance
of sharp rock edges, production of rubble and is a safety consideration
with regard to flying fragments when samples are collected.

2) Trafficability

Rock type largely controls the abrasive quality of the surface,
pPresence of sharp rock edges and the ease with which the surface can be
traversed.

3) Basing

Perhaps the most important factor to be considered in lunar
basing is the type of rock present. Petrology has direct bearing on such
engineering requirements as foundation stability, energy for excavations,
limiting unsupported slopes, availability of shielding material, and the
amount of overburden that may have to be removed. It is also of paramount
concern in the development of lunar resources such as shielding material,
construction substances, mineralization, and useful chemicals and water-
bearing sources such as obsidian, pitchstone and other igneous rocks.

4) Origin, History and Age of Lunar Surface

Lunar rocks will indicate whether the surface is of intrusive
Oor extrusive origin, the degree to which modifying processes have been
active, the role of meteoroid and micrometeoroid impact, whether magmatic
differentiation has occurred, and zones of metamorphism and tectonic
activity. Rock relationships also can be applied to developing a historical
sequence of lunar events,

5) Origin, History and Age of Earth-Moon System

Rock type will control the occurrence of radioactive minerals
for absolute dating and have a direct relationship to the origin of the lunar

1-49



surface. From these, inferences regarding the earth-moon system can be
drawn.

i. Degree of Cementation

In the terrestrial environment, cementation is one of the
processes by which loose unconsolidated rock fragments are bound together
to form certain rocks. If lunar rock fragments are cemented, then the nature
of the cement and its origin must be determined to see how these particular
rocks originate. Cementation increases the strength and cohesion of rock
fragments and bears directly on lunar problems.

1) Hazards

If surface material is uncemented, noncohesive and thick,
there is a danger of engulfment or surface collapse. Loose material stirred
up by the astronaut also could impair visual and communications contact
with the LEM.

2) Trafficability

Degree of cementation of surface debris and of rock surfaces
partially will control the strength and bearing capacity of the material.
Abrasion, excessive wear, miring, and immobility can result if surficial
materials are uncemented.

3) Basing

Degree of cementation is a factor in the strength of materials.
As such, it has application to lunar basing in terms of limiting unsupported
slopes, unequal settlement and energy requirements for excavation. Further-
more, if soluble cements are the bonding agents, there is evidence that
water, a vital lunar resource, was at one time present.

4) Origin, History and Age of Lunar Surface

If surficial material is cemented, the cementing agent is
indicative of the origin of portions of the lunar landscape and of a portion
of its history. Moreover, the degree of cementation may be used to deter-
mine relative ages of land forms, although this is not an infallible application.
Soluble cements point toward the existence of moisture at some time in past
history.
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j- Angle of Repose

A necessary geomorphic measurement is to discover the
natural angle loose material will assume under the influence of gravity. The
angle of repose will determine slopes in loose material and where many
mass movements may occur. Existing rubble slopes will affect vehicular
travel and foot traverses and, in the case of lunar basing, will determine the
limit of unsupported slopes. An understanding of the angle of repose of
material of varying sizes will provide data on gravity's role in modifying
the lunar surface.

k. Strength

Strength of rock materials is essential to trafficability and
basing problems. Lack of surface strength may present a safety considera-
tion.

1) Hazards

The strength of surface material must be determined early in
the exploration program to evaluate the danger of collapse of bonded surfaces
and the possibility of engulfment.

2) Trafficability

Collapse of surfaces, miring, abrasive surfaces, and loss of
traction are trafficability hazards related to the inherent strength of the
surface.

3) Basing

Foundation stability, settlement problems, energy require-
ments for excavation, and densification requirements are dependent for
L Af wnnlra anAd orvwfi
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l. Orientation of Topographic Highs and Lows

Strong parallelism in topographic highs will limit exploration
at right angles to the topographic highs and tend to guide it along the parallel
lows. Parallelism of topographic features can be used to determine major
fracture patterns and thus reveal information on the history and origin of
the lunar surface.

1]
]

on

[



m. Areal Gradation
The simplicity or complexity of the lunar landscape is shown .

by the variety of surface features and rock types present and whether these
variations are gradational delineations or are sharply outlined. An under-
standing of areal gradations will be valuable in checking the accuracy of
prepared geologic and topographic maps and in extrapolating data from a
restricted area to broader areas on the lunar surface. Specific applications
are:

1) Hazards

Gradational changes will yield information that will enable
the astronaut to avoid falling hazards due to lunar lighting variation, move-
ment and communication difficulties due to physical land obstacles and
possibly near-surface voids which might collapse under his weight. Areal
distribution and gradation of fine-grained surficial deposits can be shown
and their associated hazards avoided.

2) Trafficability

An insight into areal gradations will permit selection of
traverses that will avoid highly abrasive surfaces, zones of sharp rock
edges, areas of possible collapse, and zones where traction could be lost. ‘

3) Basing

Sites for natural shelter can be deduced from consideration
of areal gradations as well as engineering requirements for construction.
Gradation phenomena can be applied to the search for possible chemicals,
mineralization, water resources, and shielding material.

4) Origin, History and Age of Lunar Surface

Inferences on the origin of the lunar surface can be drawn
from areal gradation of lunar land forms, surface rocks and debris. Age
relationships then may be developed to assist in presenting a historical
sequence of events in lunar history.

n. Micrometeoroid and Meteoroid Flux

These phenomena are practicularly of interest in the geo-
morphic investigation because they constitute the principal exogenetic force
adding to and modifying the lunar surface. They are also important factors
in lunar basing and in the determination of the origin, history and age of the
surface. The nature and measurement of micrometeoroid and primary and
secondary ejecta flux are discussed in detail in Section E of this chapter. '
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1) Hazards and Basing

Mechanical puncture of the space suit and damage to equip-
ment by micrometeoroids and lunar ejecta resulting from impact are
possible occurrences. It may be necessary to provide shielding to overcome
damage to lunar bases, and the metal of meteoroids could be an important
lunar resource.

2) Origin, History and Age of Lunar Surface

Many surface features of the lunar landscape may be formed
by impact. If the flux is known, some concept of the relative age of features
and the intervals required for their formation can be determined. Micro-
meteoroids and meteoroids also act as geomorphic agents of pulverization
and of transport of fragments on the lunar surfaces and perhaps away from
the lunar environment.

Absolute age determinations, applicable both to the age of
the surface features and to an understanding of the earth-moon system, can
be performed on meteoritic debris. ’

o. Electrostatic Forces

Electrostatic charges may bond loose fragments and also be
a mechanism for transporting small rock particles. This phenomenon
should be investigated as a portion of the geomorphic study.

1) Hazards

If dust particles are bonded electrostatically, several hazards
to the astronauts will result. If the deposits are thick, there may be a
danger of engulfment or miring on the surface. Dust may accumulate on
the equipment and space suit and communications be impaired or negated.

Z) ‘Traificabiiity

Thick bonded dust deposits might make it possible to
traverse certain portions of the lunar surface. Loss of traction, miring and
excessive wear also could be caused by bonded dust deposits, Furthermore,
electrostatically bonded particles may accumulate on the astronaut's boots to
seriously impede his progress across the lunar surface,

3) Basing

Electrostatic charges may impede construction procedures
and impair the operation of equipment. Thick deposits of electrostatically

[t
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bonded material may have to be removed before construction is initiated,
or shelters designed so that they will sink into the deposits.

4) Origin, History and Age of Lunar Surface

Electrostatic hopping of small rock particles may be an agent
of transportation on the moon. The amount of movement, its effectiveness
and the influence of slope and gravity on this process must be known in
order to understand the phenomenon as a surface-modifying process.

p. Radioactivity

Radioactive emanations constitute a possible hazard to the
astronaut, and the flux must be ascertained. Deposits of radioactive mater-
ial are an important potential natural lunar resource. Most important,
radioactive age dating will provide insight into the relative age of different
portions of the lunar surface as well as the absolute age of the moon. In
section F of this chapter, radioactivity and age determinations are considered
in greater depth.

gq. Erosion

Observations and measurements of erosive processes are most
useful in understanding the origin of the lunar landscape but also are perti-
nent to lunar basing and potentially hazardous conditions.

1) Hazards and Trafficability

Particulate radiation, electrostatic hopping of charged
particles, mass wasting, meteoroid and micrometeoroid impacts, and vol-
canic activity could be hazardous to the astronaut and endanger traverses
across the surface. The occurrence and intensity of these processes should
be determined.

2) Basing

The factors enumerated above are magnified in basing con-
siderations due to the increased opportunity for damage because of the
longer time of exposure of the base to the lunar environment. In addition,
there could be possible disruption of surface material by frost heaving.

Shielding requirements to overcome the effects of erosive phenomena must
be examined.

3) Origin, History and Age of Lunar Surface

Obviously, to decipher the history and origin of the lunar
surface, it is necessary to know the forces acting upon it, Until there is
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knowledge of what these are, how they act and their relative intensities, the
lunar surface and its land forms cannot be thoroughly understood.

r. Thermal Cycling

Fluctuation of 400°F or more in lunar temperature has
important ramifications. Thermal cycling may be an agent of rock break-
down due to the expansive and contractive forces it will cause in rocks.
Space suits and scientific equipment must be designed to account for the
extreme temperature range which also is of fundamental concern in design
concepts for lunar bases. It is possible that, if cycling is an effective
agent of rock disintegration, relative ages of rock exposures and land forms
can be assigned on the basis of the degree to which they have been affected.

s. Transportation Mechanisms

Movement of rock particles across the lunar surface and
downslope transport of rock debris are of scientific interest and have appre-
cation to the fundamental problem areas as well. Modes of transportation
and, if possible, rate and magnitude of movement of fragments by gravity,
sintering, impact, electrostatic hopping, and explosive volcanism, should
be determined. Particle movement might constitute a hazard by causing
damage to equipment or space suit. It would be desirable to select areas
for lunar bases where transport is negligible. The thickness, nature and
mode of accumulation of transported debris in low-lying areas such as
maria are of geomorphic interest. To understand the history and origin of
the lunar surface, methods of transporting rock debris must be known.

t. Particulate Radiation Flux

Particulate radiation may be an important agent of erosion and
transportation. It constitutes a distinct hazard to the astronaut. Not only
may surface material be altered and eroded, but portions of sputtered
surfaces may escane from the moon. Thus, the effects of particulate radia-
tion and the rate of removal of rock material constitute another requirement
to the understanding of lunar landscape origin. If rates of particulate
erosion can be ascertained, relative ages of different surfaces that have
been affected may be deduced. To determine shielding requirements for
lunar basing, it is necessary to know the particulate flux. A detailed study
of exogenic particulate radiation is presented in Section G of this chapter.

u. Vacuum Outgassing
Vacuum outgassing and/or volcanic emanations are geomorphic

pPhenomena of concern. The astronaut should be alert for evidence of past
outgassing and for zones of active vacuum and volcanic outgassing. The latter
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may be a possible hazard, either as a corrosive process or by causing thermal
degradation of boots, LEM or equipment,

Outgassing may have produced usable sublimates, and volatiles
from active zones could be valuable lunar resources. Evidence of volcanic
activity indicates that molten material with entrained gases existed within the
crust; hence, that the moon has had a molten or partially molten stage in its
past history.

v. Seismicity

Moonquakes could be a minor hazard to the astronaut. More
important, however, active seismic zones must not be neglected in basing
considerations. Not only can moonquakes be a danger in themselves but
they might trigger disastrous landslides. Seismicity determinations will
contribute to knowledge of the origin of the lunar landscape and are the
primary means of acquiring data on the interior of the lunar body. Some
land forms will be of tectonic origin; others will be controlled by major
fracture patterns. The nature of subsurface rock horizons and the internal
constitution of the moon can be derived from the behavior of seismic waves
generated by moonquakes.

4. Nature of Property or Phenomenon Measured.

The geomorphic properties and phenomena involve passive
measurement in that they require no energy. All the measurements
can be made in place, but those of the degree of cohesion, degree of cemen-
tation and strength can be undertaken most advantageously on extracted
samples. Similarly, determinations of mineralogic content and texture and
petrology generally can be made in place but, should unusual features and
textural relations, unique mineral assemblages or exotic rock types occur,
examination of extracted samples may be required. Many of the observa-
tions and measurements can be made on the moon, but selected samples
should be returned to earth for detailed chemical analysis, petrographic
and mineralogic examination and for performance of experiments to deter-
mine strength, degree of cohesion and degree of cementation.

None of the measurements or observations concerned with
physical properties are a function of time as are those related to natural
lunar phenomena. To obtain realistic data relative to phenomena acting on
the lunar surface, it is necessary to perform experiments and measure-
ments over a period of time--both single measurements at one location and
multiple measurements at several sites. In the base of physical property
determinations, both single and multiple observations should be accomplished
for all properties with the exception of topographic mapping and three of the
terrain parameters, i. e., relief, occurrence of steep slopes and orientation
of topographic highs and lows. ‘

1-56




Horizontal and vertical measurements should be undertaken
for all of the property determinations except occurrence of steep slopes
and orientation and planar shape of topographic highs and lows.

A more detailed listing showing the nature of the properties
and phenomena considered in the geomorphic study is included in Appendix C.

5. Problems Associated With Geomorphic Measurements and
Experiments

a. Safety Considerations

Acquiring geomorphic data on the lunar surface presents
few hazards in that the required equipment is simple and has no energy
requirements. Terrain and lunar lighting conditions constitute the Principal
sources of possible hazards. Unusual shadows and lighting, as compared
to those on earth, will increase the possibilities of slips, falls and brushing
against sharp rock surfaces. The astronaut must be especially cautious
and avoid steep slopes, highly fissured and fractured terrain, unstable
rubble slopes,and unusually rough surfaces. Care also should be taken to
avoid flying rock fragments and/or metallic pieces when collecting rock
samples with a geologist's pick.

b. Rate of Particle Transportation and Deposition

Measurements of the rate of particle transport on the lunar
surface and the rate of accumulation of transported particles should be
initiated as early as possible in the lunar exploration program. Although the
astronaut may observe rock particles in the process of being transported
and note deposits of eroded material, it would be advantageous to obtain
quantitative data. A particle movement sampler (Figure IV-2, Section IV)
has been proposed for lunar use, but it is difficult to devise adequate instru-
ments before the nature of active transportation processes on the moon are
known. Once visual observations on early APOLLO missions have divulged
the character of transportation mechanisms and areas of particle accumula-
tion, attention should be given to the design of applicable equipment that will
provide reliable data on particle size and shape, mineralogical character
and volume of transport.

6. Geomorphic Equipment and Instrumentation
a. Equipment List

Most of the equipment required for the geomorphic studies
is simple and, in many instances, existing equipment or slightly modified
models can be used. Detailed instrumentation evaluations including weight
and volume values are shown in Appendix D. Geomorphic materials required
are:
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e Photogeologic mosaic with contour overlay
e Hand camera with flash attachment
e Communications link to tape recorder in the LEM
e Geologist's pick
e Gyrocompass with inclinometer attachment
e Multipurpose staff
e Magnifying glass
e Sample bags
e Sample containers
o Magnet
e Sun compass
® Light source
e Erosion trap
With the sole exception of the erosion trap, all of the

equipment required for geomorphologic studies are discussed in the preceding
section on field geology (p. 1-22 to 1-27),

b. Erosion Trap

A device to trap rock fragments in the process of being
transported across the lunar surface is suggested in the sampling techniques
portion of Chapter IV, An instrument must be developed which will provide
reliable data on the volume of fine-grained sediment transported on the moon
and from which information can be gained regarding mineralogic character
and particle size and shape.

7. Ranking of Geomorphic Observations and Measurements

The geomorphology study group has concluded that the
following measurements and observations will contribute most toward attain-

ment of the APOLLO program objectives. In approximate order of their
importance, they are:

¢ Ground photography
e Topographic mapping (using photogeologic methods)
e Degree of cohesion

e Slope




e Electrostatic forces as a bonding agent and transportation
mechanism

® Relief: both surface roughness and topographic relief

® Areal gradations

e Texture and mineralogic composition

® Occurrence of steep slopes

e Petrology of surface and near-surface rocks

® Degree of cementation

® Angle of repose: from dust to coarse rubble

® Micrometeoroid and meteoroid flux

® Strength of surface and near-surface rocks

e Erosional processes acting on lunar surface

e Radioactivity

e Thermal cycling

e Transportation mechanisms

® Vacuum outgassing

e Seismicity

® Areal occupancy of topographic highs and lows

These geomorphic observations and measurements will lead

to an understanding of lunar land forms and the nature of the lunar surface.
Substantial contributions to astronaut safety, basing and the selection of
future landing sites will also accrue. Data from the geomorphic studies

will provide insight into the earth-moon system and permit a more searching
investigation of the past history and origin of the solar system.

8. Extrapolation of Point Data

To obtain the maximum from early APOLLO missions, it is
imperative to relate geological observations to orbital and descent photographs,
infrared, radar, and other remote sensor data. Thus, a better understanding
of large areas of the lunar surface from indirect evidence can be gained by
means of direct observation of restricted areas. Extrapolation of point data
can be applied to both geomorphic and field geologic observations, but for
convenience is discussed only in the geomorphology section,
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Tone, color, pattern, shape and size, both individually and in
combination, are used to interpret terrestrial photography. It is important ‘
to determine how these properties can be applied to interpret photographs of
the lunar surface and how the lunar environment may affect them. The
primary purpose of all photographic or imagery interpretation should be to
correlate image properties with surface geologic or physical properties of
interest. Infrared and radar mapping systems convert changes in the
intensity of reradiated or emitted energy in the infrared and radar parts of
the electromagnetic spectrum to variations in the visible range and record
these data on film. Hence, although the following discussion is concerned
primarily with conventional photography, the analogous photographic
properties of tone, texture, etc. must be used to interpret infrared and radar
imagery. The significance of changes in image properties will differ among
conventional, infrared and radar because they depend upon different physical
phenomena. Consequently, interpretation of infrared and radar imagery can
supplement conventional photography in lunar studies.

a. Tone

Tone is the measure of the amount of light reflected and re-
corded on film in terms of shades of gray. In the lunar environment, it will be
determined by the albedo of lunar surfaces and by shade relief produced by
surface irregularities. Definitive equations and curves for shade relief,
photometric function and albedo have been outlined by Herriman, Washburn ‘
and Willingham (1963). Shade relief may be related to apparent luminances
as follows:

__s/2
1-31/132 =2 (1)

where B and B, are the apparent luminances of any two points or areas in
camera view and S is the shade relief value.

Specifically, shade relief value indicates the number of shades

of gray that can be detected realistically. It is an integral multiple of the
minimum detectable tonal differences.

By substituting a shade relief value of 1 in Eq. (1), the
luminance ratio between two points is

B. =2""“B (2)
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Eq. (1) can also be in the form

S = 6.6 log 131/52 (3)

where B1> Bz.

In Eq. (3), there is similarity to photographic contrast as
defined by Colwell (1960) who noted: '"Contrast is the brightness ratio of
light to dark in the target and is expressed as the common logarithm of this
ratio. In actual targets and with recording film processed to a gamma of
1.4, it normally ranges from the recording threshold of about 0. 025 to about
0.3 at high altitude and 1.0 at low altitude under favorable conditions. "

An equation for contrast can be developed using the data of
Colwell, namely

Cont t=1
ontras og Bl/ B2 (4)

For the threshold contrast of 0. 025, B1 =1.06 BZ' a 6 per
B -B
(_1__3), is indicated as the minimum which can be

B,

cent contrast ratio,

recorded with a gamma of 1. 4.

From Eq. (3) and (4), it is apparent that a contrast of 41 per
cent is equivalent to a value of 1 shade relief, 100 per cent for a shade
relief of 2. In addition, shade relief values are integral steps of brightness
(luminance) ratios, i.e., gray tone shades whose amplitudes are in incre-
ments of the minimum recordable contrast. A safety factor of 6 is included
to provide for diiicrent gamma procecssing and for degradation in the com-
plete system.

Another approach to determine the minimum detectable dif-
ference of luminance was suggested by Rose (1948). For an ideal seeing
device, a photosensitive surface detector, the following equation was
derived: . 1/2

sp> r B'/2 (ZHE- th) (5)
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where AB = the minimum detectable difference in luminance for adjacent
small areas
r = threshold signal-to-noise ratio
B = scene brightness in foot-Lamberts
Z = photosurface quantum efficiency
h2 = element of area of brightness B in cm?
H=1.3x1016 photons/sec lumen
d = distance between scene and objective lens in cm
D = diameter of objective lens in cm
t = amassing or exposure time in sec

Contrast is conventionally defined by the equation
C = AB/B (6)

Substituting AB of Eq. (5) in Eq. (6), the threshold contrast
below which a scene may not be detected because of insufficient tonal dif-
ference can be determined. Rose (1948) cited the threshold signal-to-noise
ratio (r) to be greater than 3, but less than 7. Decker and Schneeberger
(1947) stated that a signal-to-noise ratio of 7 is sufficient for a presentable
picture, but 5 is considered a reasonable value.

The luminance of a given area at other than zero earth-moon-
sun angle may be expressed as

B=1/m ES pé (7)
where Es = solar constant
p = albedo
% = photometric function of the area viewed

Herriman, Washburn and Willingham (1963) noted that tonal
changes induced by albedo differences decrease in earth-based lunar photo-
graphy as the resolution of the observing system increases. In cases where
this generality is valid and albedo differences are negligible over any given
photograph, shade relief is redefined as

l/mE pso
zs/2=3/32=__§___1= @1/452 (8)
1 l/TTEsp<I>2
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Since lines of equal brightness follow lunar meridians, the
photometric function ¢ to define the luminance meridian in question
can be shown to be that of the phase angle g and some angle a . These
angular relationships are summarized in the following simplified drawing,
Figure I-6, where SQ is the incident ray, QE is the emitted or reflected ray
to the observer, NQ is the normal to the surface, i is the angle of incidence,
2 is the angle of emittance, g is the phase angle, and o is the angle in the
plane SQE between the intersection of the SQE plane with a plane normal to
SQE containing both QN and the direction of emittance.

Pictures having a shade relief of 2 are considered marginal;
those with a relief of 4, good. Theoretically, assuming slope values of 15°,
shade relief values of 2 should occur at about 30° from the terminator, and
values of 4 at 20 to 25° (Herriman, Washburn and Willingham, 1963)., A
practical check on the theoretical relationship was made by examining lunar
photographs., Little detail was noted on photographs of areas beyond 30°
from the equator, whereas areas closer than 20 to 25° showed good detail.
This lends credence to the curves of the lunar scattering function of Hapke

Figurel-6. Sketch Showing Relationship of Photometric Function and Luminance
Meridian
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(1962) and Halajian (1964). A representative curve, Figure 1-7, has a
narrow scattering peak indicating the strong dependence of the intensity of
reflected light on the angle of the sun,
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Figurel-7. Lunar Scattering Function for 60° Observation,

Surfaces of high albedo (p = 0. 3) scatter light more or less
diffusely, whereas those of low albedo (p< 0.05) have strong backscatter
properties. Small differences in albedo have been measured, and mean
values for various lunar features were determined by Sytinskaya (Kuiper and

Middlehurst, 1961) as shown below.

FEATURE ALBEDO
Dark plains (maria) 0.065
Brighter plains (paludes) 0.091
Mountain regions (terrae) 0.105
Crater floors 0.112
Bright rays 0.131




It is evident that most of the surface features of the moon have
low albedo values. This contributes to the strong dependence on the sun-view
angle in the reflection of sunlight.

b. Color

Color is one of the most important interpretive aids in ter-
restrial photographic interpretation, because the eye is capable of differentiating
many more shades and hues of color than changes in shades of gray. Interpre-
tation of lunar photographs includes large areas, and this relationship may not
be as valid when photographs of a spot on the lunar surface are examined. In
this regard, study of satellite photographs is suggested to determine how the
color of earth changes when viewed from high altitude for calibration purposes.

A study of albedo and color variations on the moon was made by
Sheranov (1958) who plotted color against brightness fields of lunar and ter-
restrial rocks. His curves, reproduced in Figure I-8, show that lunar rocks
have low reflectivity and almost no color.

The earth's atmosphere is partially responsible for reduction
of spectral contrast. Wavelengths near the blue end of the visible spectrum
are attenuated until only about one half of the original intensity is available
after transmission through one atmospheric thickness. However, about 90
per cent of the original intensity is transmitted through the red end of the
spectrum. Hence, observation of the spectrum of the moon's reflected light
through the atmosphere of the earth might be expected to show little contrast
between colors near the blue end of the spectrum and attenuation in the red
end. Photographs of the moon taken from earth-orbiting vehicles would
largely overcome the reduction of color contrast, but some reduction would
occur from the effects of dust particles scattered through interplanetary space.

Although color-brightness variations on the moon are apparently
small compared to those on earth, changes in color and albedo have been
observed 1n local areas. Green {1502) iisied the vccurvence of many choerved
color changes and Greenacre (1963) reported the observation of reddish orange
spots on the lunar surface. '

It is highly probable that photographs taken from an Orbiter
within 22 miles of the moon or by an astronaut on the surface will not have
as great a reduction in spectral contrast as those taken from the earth.
Indeed, there may be much greater color ranges on the moon than is apparent
now from earth observation.

c. Texture
Texture, a function of photographic scale and resolution, is the

tonal aggregate of shapes and sizes. This produces a mottled appearance.
The individual elements are too small to be measured or identified as discrete
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Figure I-8. Color and Brightness Fields of Lunar and Terrestrial Rocks.
(After Sheranov, 1958)

shapes or sizes. In large-scale or high-resolution photographs, texture may
be resolved into such specific features as hexagonal frost patterns, joint
systems, faults, or individual masses of debris.

Texture on low-resolution lunar photography has been related
to rough ejecta blankets, smooth maria areas and hummocky deposits around
maria craters. The higher resolving power of orbital or descent photography
may permit relating texture of observatory photography to pattern, shape and
size of surface configurations producing the texture. Biba (1964) used an
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applicable technique to enhance the interpretation of sea-ice conditions. He
related tone and texture on relatively low-resolution Tiros IV imagery to
pattern, shape and size of ice features shown on high-resolution aerial photo-
graphs taken of identical areas on the same day as the Tiros imagery.

d. Pattern

Pattern is the ordered arrangement of geologic and topographic
features in two and, in the case of stereographic photography, three
dimensions. Patterns may be in the form of straight or curved alignments
bounded by bedding planes, faults, joints, or lineations related to topography
and/or structure. Rays, ridges, rilles, and valleys exhibit identifiable pat-
terns on lunar photographs. Orbital or descent photography may permit
identification of jointing, minor faults, rays around small craters, and per-
haps smaller rilles.

e. Shape

Shape may be used on photographs to identify lunar land forms
such as volcanic cones, craters, calderas, escarpments, and perhaps'horst
and graben structures. Shape is also a tool that has been used to study
shadows of lunar prominences to determine slopes and to estimate relief.

f. Size

Size on lunar photographs is used to determine dimensions of
topographic features, but it has only scalar significance. Numerous
measurements of the size of lunar land forms have been made, but it is difficult
to compare or interpret either their size or shape with possible lunar counter-
parts. In a recent study of crater-forming processes based only on size, it
was found that lunar craters and domes are so different from terrestrial
features of the same nature that they cannot be directly equated to one another.

g. Photographic Resolution

In addition to considering effects of photometric function,
albedo and relief on tonal resolution, it is necessary to examine the resolving
power of film and television camera systems. Camera resolution is critical
for geological extrapolation because the particular pattern, diagnostic shape
or special size relationships of areas investigated on the ground can be used
as criteria to recognize the same features in unmapped areas. This can be
done by measuring on the photograph such parameters as diameter, depth,
roughness, length, width, strike, and dip. Resolution of the photographs will
determine whether or not this can be achieved and, if it can, the accuracy
with which it can be accomplished.
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On photographic imagery, the minimum detectable detail is
equivalent to one line or one space. This relationship can be expressed
quantitatively by the ratio 1/2R. The value R is the resolving power of the
photographic system in terms of the number of equal lines and space pairs
per millimeter that can be recorded and distinguished on the photographic
image (Air Force Cambridge Research Laboratories Report, 1963). How-
ever, there is a difference between detecting and identifying an object. Most
observers agree that for an object to be recognized on a photograph, it must
have an image about five times the detectable size or 5/2R mm.

The problem of television resolution was studied by Hall (1963).
He concluded that with a minimum number of light flashes, it would require 14
television scan lines to recognize a test pattern consisting of 10 light and dark
lines. Herriman, Washburn and Willingham (1963) determined that 2.8 scan
lines are equivalent to one optical line pair. This agrees with Hall's results
where 14/2. 8 = 5 optical pairs, checking the 5/2R estimate.

A comparison of detectable resolution with the identifiable or
geologic resolution r can be made using the data obtained by Lowman (1963).
He used pictures taken on a Viking II flight with a K-25 camera having a
4. 5-in. format and a 6-3/8-in. lens. The negatives were printed at 7X and
the resolution estimated by identifying recognizable cultural features. From
an altitude of 122 miles, the resolution was approximately 400 ft. The detect-
able resolution can be computed from the following expression: ‘

_2Atan (6/2) 2x635,000x0.353 _98'/line

G
cl FS 40 x 114

(9)

where GCl = ground coverage per camera-film resolution or detectable resolution

= camera view angle

= altitude in feet

film format

= camera-film system sensitivity

0N o Y» o
1

The geologic resolution, five times the detectable resolution,
is 490 ft. This agrees closely with the resolution of 400 ft, based on
recognition of cultural features, which Lowman obtained.

How do these resolutions compare with the specifications for
Orbiter photography? Applying Kolcum's (1963) data, Orbiter photography
resolution from pictures taken at an altitude of 22 miles is:
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Resolution (ft)

Operation Mode TV Scan | Resolution per
Line Optical Line Pair
(Kolcum) | (TV Scan x 2.8) | Detectable Geologic

High Resolution, APOLLO
Certification 3.3 9.2 46 23

Low Resolution, Surveyor
Certification 16.5 23.0 23 115

A comparison of observatory photographic resolution with
orbital photography also should be made. Estimates of the accuracy of
terrestrial telescopes affected by the earth's atmosphere vary from about
0.25 sec (Kopal, 1962) toapproximately 1.0 sec (Baldwin, 1963). This cor-
responds to distances of 1500 and 6000 ft, respectively, on the moon. The
generally accepted value of resolution of lunar surface features is about
2500 ft. Using these data and estimates, the optical resolution required to
detect a line pair and the geologic resolution are:

Technj_gue Resolution (ft)
Optical Detectable Geologic
Unaided Photography 2500 1250 6250
Photography Aided by Visual
Observations 660 330 1650

Theoretical Limit of 300-Ft.
Length, 60-In. Aperture
Telescope (Martz, 1963) 500 250 1250

High-speed film will decrease atmospheric blurring effects by
freezing the image. This makes it possible to approach the theoretical limit
of terrestrial telescopes (Martz, 1963), permitting slightly more detail to be
recorded on film than is obtained now by photography aided by visual obser-
vations.

All investigators do not agree with some of the resolution data
presented. This is understandable in that optical resolution depends upon
the telescope, the weather during observations, observatory eievaiiou aud,
to some degree, the observer's skill. Furthermore, confusion arises because,
in some instances in published studies, there is not always a clear distinction
between optical and detectable resolution. Regardless of these problems, the
data presented are significant, even as first approximations. They show that
the largest lunar features the astronaut will be able to investigate with his
limited range of 1000 ft (on early APOLLO missions) probably will be smaller
than what now can be discerned in photographs.

h. Concluding Statement

Geological studies of small lunar areas, coupled with orbital
imagery interpretation, can be used to extrapolate data to many other portions
of the moon's surface. This is the key to large-scale exploration and to a
thorough understanding of the lunar surface.



E. MICROMETEOROID ENVIRONMENT AND LUNAR IMPACT EJECTA®
1. Micrometeoroid Flux ‘

The flux of sporadic meteoroids approaching the moon should
be essentially that approaching the earth; moreover, the lunar orbit is
sufficiently close to the ecliptic that it is extremely unlikely that the meteor
streams striking the moon are other than those which strike the earth. Thus,
it would be expected that micrometeoroid flux at the lunar surface would
differ from that in the vicinity of the earth only to a calculable extent depend-
ent on the different gravitational environments of the earth and moon. There
is little advantage in choosing the lunar surface for the study of micro-
meteoroid flux; it can be determined using probes or lunar orbiting vehicles.
On early APOLLO missions, however, it is believed advantageous to
ascertain micrometeoroid flux at a fixed spot on the lunar surface. This
attitude is justified by the possibility, however remote, that micrometeoroids
constitute a hazard during lunar exploration and by the role of micrometeoroids
as a surface molding agent.

2. Primary and Secondary Lunar Impact Ejecta

Impact of various meteoroids with the lunar surface will
result in ejection of lunar debris. A large portion will fall back on the sur-
face and, upon impact, will throw up secondary ejecta fragments. Some of
the impact debris leaves the surface of the moon with sufficient energy to ‘
escape into space. Because of this phenomenon, the impacts of meteoroids
are thought to result in a net negative accretion rate. Other ejecta from the
lunar surface will have energy sufficient to permit them to leave the vicinity
of the moon and assume an orbit in the earth-moon system; such fragments
would have velocities of about 11 km sec~! in the vicinity of the earth and
about 2 km sec™! in the vicinity of the moon.

a. Particles in Orbit in Earth-Moon System

Particles of lunar origin launched into the earth-moon system
might well result in an increased density of particles near the earth. This
would cause satellite observations of micrometeoroid flux to appear anom-
alously high near the earth, inasmuch as some of the detection equipment
could not distinguish between a particle traveling at 11 km sec”l and a
smaller particle of meteoroid origin at 30 km sec™ .

Once launched into the earth-moon system, these particles
of lunar ejecta will tend to orbit about the earth with their apogees extending
to the region where lunar attraction can become predominant. In general,

*Contribution of A. D. Little, Inc.
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however, the particle may orbit the earth many times before attaining its
apogee at a time when the moon is favorably located to modify the orbit
profoundly. The orbital characteristics of lunar ejecta entering the earth-
moon system appear not to have been studied in any detail; clearly the
ultimate fate of these particles is to impact on the moon or enter the earth's
atmosphere. The relative probabilities of these two fates have not been
calculated.

b. Particles in Ballistic Trajectory

Debris of lunar origin released in meteoroid impact on the
lunar surface may have insufficient energy to escape from the moon; in
this case, it will follow a ballistic trajectory on the moon and intercept the
moon at a point determined by its launch conditions. Thus, on the moon,
two types of particles not observable elsewhere should be measured: lunar
debris returning from the earth-moon system at velocities of about 2 km
sec'l; and lunar_ debris in lunar ballistic trajectories at velocities below
about 2 km sec”!. The problem of distinguishing between micrometeoroids
and debris of lunar origin renders relatively useless the more usual meteor-
oid detection equipment.

3. Number and Importance of Measurements

It is proposed to perform four measurements: determination
of micrometeoroid flux, lunar ejecta flux, trajectories of lunar ejecta, and
momentum of particles of lunar ejecta. It should be recognized that,
although micrometeoroid flux measurement could be adequately undertaken
other than on the moon, detection of ejecta flux, trajectory and momentum
can only be made there.

These measurements are especially relevant to problems of
lunar surface origin and history but also should be performed as a contribu-
tion to scientific knowledge. Micrometeoroid and lunar ejecta flux pose no
probloms to lunar trafficahility hut may constitute a minor hazard to the
astronaut. The flux also should be determined so that, in the event it is of
concern, design requirements can be specified for basing and equipment.
Significant contributions toward understanding the origin and history of the
lunar surface will be gained by measuring micrometeoroid and ejecta flux.
Micrometeoroids are important agents of erosion and transportation. They
form small craters and pulverize rocks upon impact, alter the appearance
of the lunar surface and dislodge fragments of surface material. Some of
the dislodged fragments have sufficient velocity to escape from the moon,
and others are transported an appreciable distance from the point of impact.



4, Instrumentation State-Of-The Art

It will be necessary to develop an instrument to make
micrometeoroid and ejecta flux measurements and a sensor for ejecta
momentum determinations. Suggested devices are discussed in Chapter V,
Section D, but the instruments are design concepts only.

a. Micrometeoroid and Lunar Ejecta Instrumentation

The type of instrumentation which could be used to make flux
measurements and to determine the trajectories and velocities of particles
of lunar ejecta relies on the following principle. The path of the particle is
determined by locating two points on the trajectory where the particle passes
through sensing screens; the velocity of the particle is determined by
measuring the time of flight between these two points. Meteoroidal impact
can be distinguished from ejecta impact in that it will result in only a single
hole in the sensing screens; the vaporization of the debris from a meteor-
oidal impact will cause the momentum to be spread over so large an area
that the second surface will not be penetrated.

Design concept of the instrument is such that it presents no
known element of danger in either its emplacement or its use.

Another instrument, suggested by Jennison and McDonnell ‘
(1964) also might be considered. The device can be used to determine
micrometeoroid flux and extended to measure the velocity and mass of the

particles. Its operation is based on the principle that the potential attained

by micrometeoroid particles in space is sufficient for detection of the

particles by electronic sensors.

b. Momentum Sensor for Lunar Ejecta
The momentum of ejecta particles can be measured using a
microphone or a fast-damped, microinch-displacement, solid-state sensor
as a means of detecting the transferred impulse. A conceptual sketch of
the instrument is presented in Chapter V, Section D.
5. Ranking of Measurements and Observations
A careful consideration of the relationship of the micrometeoroid

and lunar ejecta measurements to lunar exploration and scientific value leads
to the following rankings:
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® Micrometeoroid flux
e Lunar ejecta flux
e Lunar ejecta momentum
e Lunar ejecta trajectory
Data obtained from these measurements will lead to a better

understanding of the importance of micrometeoroids and ejecta particles
as surface molding geologic agents and as possible hazards to the astronaut.




F. COMPOSITION, AGE AND RADIOACTIVITY
1. Introduction
a. Boundaries of the Study

This portion of the APOLLO project study is concerned with

the instrumental measurement of:

e Mineral composition

e Chemical composition

e Radioisotopic composition

e Stable isotopic composition

e Density measurement

e Lunar atmospheric pressure measurement

e Detection of potentially dangerous dormant life forms

e Absolute age determination

e Radiological measurements (prepared by Arthur D. Little, Inc. )
: These measurements have been considered for bulk samples,
both in place on the moon and returned to earth, as well as for the separate

mineral fractions of the samples. Both the surface materials and near-
surface atmosphere are discussed.

The prime responsibility of this study group is in the areas
of composition and age determination. Possible hazards due to space
radiation and the detection of potentially dangerous dormant life forms such
as viruses or bacteria are included because of the close disciplinary
relationship.

In this report are discussed the following aspects of the
compositional measurements which may be feasible on the moon:
e Lunar problems to be solved
o Measurements to solve them
e State-of-the-art instrumentation for the measurements

e Inherent problems in making the measurements

1-74




A brief general discussion of possible methods of age deter-
mination is included but, inasmuch as this complex measurement can be
done effectively only on samples returned to earth, the necessary instru-
mentation is not covered in detail,

The section on radiological measurements was prepared by
Arthur D. Little, Inc., under a subcontract and is included as a separate
section as submitted by them except for minor editing changes.

It is believed to be of prime importance to obtain within
mission constraints as many representative dust or rock samples as
possible and return them to earth for measurement.,

Restrictions of space travel, astronaut training, environmental
operational problems, and short stay time permit only simplified and re-
latively approximate quantitative chemical analyses on the moon during early
APOLLO missions. The major value will be obtained by using the much
more complex and accurate earth-bound equipment on samples returned
to earth, Measurements on the moon probably will be aimed at (1) insuring
at least some results if samples cannot be returned to earth because of
unforeseen difficulties, and (2) avoiding unnecessary duplication in selecting
samples for return to earth.

Some measurements involving possible atmosphere may be
practical only in the lunar environment,

The average lunar atmospheric pressure is thought to be less
than that for the most perfect earth vacuum, and gaseous sampling probably
will be possible only if volcanic gas vents are found. Otherwise, atmospheric
determinations will be limited to gases contained in the lunar surface materials
or adsorbed on them.

2. Comnositional Measurements, Experiments and Observations
a. General Problem Areas

As a preliminary step in this study, a comprehensive list of
possible compositional measurements was made. This included over 40
items rated individually on a 1 to 10 basis as to their relative estimated
contribution of significant data in each of five general problem areas. These
were:

e Hazards (to the astronaut)

e Trafficability (surface-bearing strength and mobility problems)



¢ Lunar basing (construction and supply) ‘
e Origin and history of the lunar surface

e Origin and history of the earth-moon system

After filtering this list for practical and feasible methods,
only 16 remained and these were rated on the 1-10 basis,

Figure 1-9 is a summary taken from this final rating data,
The estimated numerical relative contribution ratings for all the measure-
ments were summed for each of the five general problem areas.

The greatest relative contribution of compositional studies
is in the areas of lunar basing and origin, history and age. Contributions in
the areas of trafficability and astronaut hazards are relatively minor, These
are generally ""by-products' rather than fundamental reasons for making
the measurements except, of course, in the case of the detection of possible
hazards due to dormant life,

A priority listing of the measurements as derived from the
numerical estimated contributions is presented in Table I-3 . Only those
believed capable of significant contributions in each problem area were
included.

All of the numerical gradings are highly subjective but they do
serve to give a feeling for the priority situation,

TABLE I-3

COMPOSITIONAL MEASUREMENTS BY PROBLEM AREA
IN ORDER OF ESTIMATED PRIORITY

Problem

Area

Problem Area Compositional Measurement Rating
Hazards Sample Culture With pH Readout 9
Sample Culture With Radioisotope Readout 9
Gamma Ray Spectrometry 7
Ion Gauge Pressure Measurement 6
Trafficability Gamma Ray Backscattering 8
X -Ray Diffraction 7
Neutron Hole Logging 6
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Problem Area

Lunar Basing

Origin, History,

Age - Lunar
. Surface

Origin, History,
Age -~ Earth-
Moon System

TABLE I-3 (CONTD)

Compositional Measurement

Gas Chromatography

Differential Thermal Analysis
X-Ray Diffraction

Mass Spectrometry

Gamma Spectrometry

X-Ray Fluorescence Spectrometry
Neutron Activation Analyzer
Infrared Spectrometry

Ultraviolet - Visible Emission Spectrometry
Neutron Hole Logging

Ion Gauge Pressure Measurement
Alpha Scattering Spectrometer
Gamma Ray Backscattering

X-Ray Diffraction

Gamma Ray Spectrometry

Mass Spectrometry

Neutron Activation Analysis

X-Ray Fluorescence Spectrometry

Alpha Ray Spectrometry

Gas Chromatography

Ultraviolet - Visible Emission Spectrometry
Infrared Spectrometry

Sample Culture With pH Readout

Alpha Scattering Spectrometry
Differential Thermal Analysis

Sample Culture With Radioisotope Readout

X-Ray Diffraction

Gamma Spectrometry

Mass Spectrometry

Neutron Activation Analysis

X-Ray Fluorescence Spectrometry

Alpha Ray Spectrometry

Ultraviolet - Visible Emission Spectrometry
Gas Chromatography

Infrared Spectrometry

Alpha Scattering Spectrometry

Problem
Area

Rating
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3. Importance of Compositional Measurements and Observations
a, Hazards

Probably the most important compositional hazards are
dormant potentially dangerous life forms and abnormally reactive ultra-
clean surfaces. Reactive surfaces and space or lunar radiation hazards
are discussed by Arthur D, Little, Inc, in the section on radiological
measurements. The problem of possible dormant life forms and the less
probable danger of corrosive gases from volcanic vents are considered
below.

1) Dormant Potentially Dangerous Life Forms

There is considerable disagreement as to the possibilities
of the existence of life forms on the moon. The literature of biology in
space has been reviewed by Lederberg (1960), Horowitz (1962) and Seybold
(1963).

The Committee on Contamination by Extraterrestrial
Exploration concluded that the possibility of life persisting on the moon
is sufficiently remote that it can be neglected. This is based on the assumption
that there are no earth-type living cells that can grow or multiply in the
absence of water and that, at the high vacuum of the moon, no water can
exist on its surface (International Council of Scientific Unions, 1959; Hughes
Aircraft Co., 1961).

The opposing view is presented by Firsoff (1959), Lederberg
(1960) and Sagan (1961). Firsoff suggested the possible presence of local
climates or atmospheres within walled enclosures, clefts and hollows and
interpreted lunar colors in terms of possible low forms of living organisms.
Lederberg believed the composition of layers below the moon's surface
cannot yet be discounted as a possible location tor a lunar biviugy €vin
though the surface may be barren due to the absence of an atsmophere and
to solar radiation exposure, Sagan concluded that a surface density of 1
to 10 gm/ cm? of organic molecules could have been formed by ultraviolet
radiation synthesis in the former primitive lunar atmosphere., Heat and
further radiation could have modified the earliest simple structures and
produced molecules of great complexity as the atmosphere was dissipated.
If this were the case, there should be a buried zone of organic matter under
some undetermined depth of surface debris. This material might be dis-
tributed throughout the debris layer and could contain dormant simple life
forms.
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Lunar temperature variation and vacuum conditions may not
be sufficiently severe to destroy certain bacteria or spores if they are
protected from the direct solar radiation., Becquerel (in Firsoff, 1959)
has shown that mosses, lichens and algae can be immersed in liquid air
(-109°C) for several weeks without harm and, when dry, for as long as six
years. More surprising still, their dried spores retained full vitality after
being plunged in liquid helium (-271°C) and exposed to vacuum. Some
protozoa live permanently in hot springs at temperatures to 90°C and can
withstand as much as 150°C for short periods when desiccated.

Most studies have been concerned with the problem of con-
taminating the moon biologically and thereby losing the opportunity to obtain
significant information on such problems as the early history of the solar
system, the distribution of life beyond the earth and perhaps even the origin
of life itself (Sagan, 1961). These problems are discussed more fully in
a later section. The reverse possibility of contaminating the earth with a
new life form could be much more disastrous than the scientific losses in
moon contamination. The most dramatic hazard would be the introduction
of a new disease which humans are not capable of resisting. Lederberg
(1960) believed this to be extremely unlikely since most disease-producing
organisms must evolve elaborate adaptations to resist the defenses of the
human body, to attack human cells and to pass from one person to another.
It is quite unlikely for this to happen without experience with human hosts.

Even though the risk of pandemic disease is low, this possibility
must be examined carefully and guarded against at all costs, Countermeasures
involve detection of life forms, decontamination by sterilization of spacecraft,
samples and space suits, and quarantine of returning lunar astronauts for
a suitable period.

Experiments for the detection of life should be undertaken by
unmanned missions utilizing microbiological probes prior to the APOLLO
missions. If this is not done, APOLLO instrumentation should include a
life detection device based on placing one or more lunar soil samples in

a nutrient environment and observing any changes during the return trip to
earth,

Organism growth detection can be based on microscopic
observations or on instrumental readout in terms of pH change in the nutrient
or radioisotopic detection of evolved carbon dioxide, etc.

Pyrolysis of samples followed by gas chromatography or
mass spectrometry of the evolved gases can serve to detect complex molecules
as indirect indicators of the presence of life forms.
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Sterilization techniques under study for returning vehicles
and instruments include employment of ultrasonics, radiation, dry heat,
chemicals, cryogenics, dehydration, and mechanical devices.
Complete and effective sterilization, as applied to outgoing vehicles and
equipment without damage to components, is rather complex but considered
feasible (Phillips and Hoffman, 1960; Wynne, 1961). Avoidance of damage
is not so critical on returning vehicles and equipment and therefore should be
accomplished more easily.

2) Corrosive Gases

The spectroscopic observations of Kozyrev (1959) on the
central peak of Alphonsus and the visual observations of the Aristarchus
region reported by Greenacre (1963) provide recent and strong evidence
of occasional brief degassings of the moon. Other observations of lunar

surface changes of a similar nature have been reviewed by Green and Van
Lopik (1961).

While it is highly unlikely that the APOLLO astronauts will
land at precisely the time or place of a major eruption visible from the
earth, it may be that smaller fumarole-like features or vents are more
common and a finite probability of encounter may be realistic. Such an
occurrence would be the only likely source of an atmosphere and could be
detected by some sort of pressure-measuring device such as an unenclosed
ionization gauge which could be hand-held and read to indicate the anomalous
presence of gases.

Fumaroles or volcanic vents on the moon would probably
Produce gases similar to true magmatic vapors. A review of the general
subject of fumaroles, hot springs and hydrothermal alteration on earth
has been given by White (1963), anda special treatment of the composition
of volcanic emanations is presented by White and Waring (1963).

Fumarolic gases are known on earth to contain relatively
large percentages of COZ' HCt, HF, HZS’ SOZ, SO3, and steam. The acid

gases, HC{, HF, SO_, and SO_, in the presence of water could conceivably
form corrosive acids on the surface of space suits, vehicles or equipment
and seriously impair their operation if there were sufficient time of contact.

If the gases were detected by increase of pressure, they could

be sampled and analyzed by gas chromatography to determine the presence
or absence of possible corrosive constituents,
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b. Trafficability

The contribution of compositional studies in this area is
primarily in (1) density determination by gamma ray backscattering, and
(2) in the more remote possibility that knowledge of the composition of
surface material will contribute in predicting some of the trafficability
problems likely to be encountered.

Density determination by gamma ray backscattering is
included in this section because of the similarity of the detection equipment
to that used in radiation hazard detection,

1) Density Determination by Gamma Ray Backscattering

In simple terms, this measurement involves a gamma radiation
source and a detector unit which is shielded from direct source radiation
but which can receive indirect backscattered radiation. The amount back-
scattered is proportional to the density of material encountered and, with
proper calibration, may be used for density measurement,

If material of very low density occurs on the lunar surface,
it may be suspected of being in the form of rock foam or light dust. These
materials might not be sufficiently strong to support men or vehicles without
‘special designs for wheels or shoes.

2) Use of Compositional Knowledge in Trafficability Prediction

Certain clay compositions with sufficient moisture content
on earth cause trafficability problems due to stickiness or low bearing
strength. By analogy, compositional information for the lunar surface
might contribute in predicting trafficability. Moist clay probably will not
occur on the moon's surface, and the direct analogy is not applicable. But,
until more definite knowledge of lunar conditions is available, it is felt
that other mineral compositional relationships to trafficability may be found
useful,so this possibility should be kept in mind., The X-ray diffractometer
provides the most reliable information as to mineral composition in
materials too fine-grained for visual identification,

c. Basing
The possible use of lunar materials as resources in base
construction and support is of prime importance and has been the subject

of special studies by Green (1962, 1963) and the Working Group on Extra-
terrestrial Resources Committee (Johnson, 1963).
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Composition measurements can provide valuable information
to identify these resources and to predict their probable occurrence based
on geological and geochemical principles. Certain compositional instru-
ments also are capable of providing information bearing on foundation
problems in base construction and radiation shielding requirements,

1) Foundation Problems

The nature of the surface materials and bedrock may be
determined by mineralogical or chemical composition measurements where
visual identification may not be possible due to fine grain size or other special
lunar difficulty, X-ray diffraction, differential thermal analysis and infrared
spectrophotometry may be used in mineral determinations. Gamma ray
spectrometry, X-ray fluorescence spectrometry, neutron activation analysis,
ultraviolet-visible emission spectrometry,and alpha scattering spectrometry
may be used to find elemental composition. Detection of characteristic
mineral and/or elemental assemblages will allow rock-type identification
and help in predicting engineering geologic behavior.

Under certain conditions, the gamma ray spectrometer may
prove useful in detecting concealed faults which might cause foundation
problems through renewed movement. It has been found that faults and
other major fracture may act as channelways for the diffusion of radon gas
to the surface (Sikka, 1962; Simpson, 1963). Radon is a relatively short-
lived daughter product of uranium which is found in concentrations on the
order of pai'ts per million as a normal impurity in rocks, The radon in
turn has a strong gamma ray emitter, Bi2 14, as a daughter, and this usually
will be detected in larger than normal quantities in the immediate fault
region.,

The gamma ray backscatterer may be used to measure surface
density and thereby detect areas of low surface strength because of light
dust accumulation or rock froth.

2) Radiation Shielding

The gamma ray backscatterer can be used to good advantage
to test lunar radiation shielding materials. This can be done by detaching
the radiation source and interposing the material to be tested between it
and the detector unit under conditions of controlled geometry, Shielding
efficiency can be calculated by dividing the difference in counting rate with
and without the material interposed by the thickness of the sample.




This instrument also can be used for its normal density
determination on unknown shielding material, and the effective shielding
efficiency can be estimated assuming it to be directly proportional to
density,

3) Volatile Resources

Volatile resources include such materials as water, oxygen,
hydrogen, and various volcanic gases either in the free state from fumaroles
or combined with rocks or minerals in thermally releasable forms.

Water is considered one of the major important resources
(Salisbury, Glaser and Wechsler, 1963; Speed, 1963). Methods considered
for water deposit exploration on the moon include those based on differences
in density, mineral composition, radioactivity, electrical conductivity,
acoustic velocity, neutron logging response, and response to multiband remote
sensing (Green, 1960; Van Lopik and Westhusing, 1963).

These deposits might include ice or hydrated rocks or minerals.
Compositional methods of directly detecting and measuring water content
would include differential thermal analysis, gas chromatography, mass
spectrometry, neutron logging methods, etc. Probably the most effective
method would involve differential thermal analysis to detect the temperatures
of dehydration of samples. Gas chromatographic analysis of the volatile
products would be used to determine quantitatively the amounts of water
available,

Poole (1963) discussed the possibility of obtaining oxygen
from the thermal dissociation of oxides of silicon, aluminum, magnesium, and
related materials, if these are found in the lunar crust as they are on earth.
A similar apparatus utilizing a very high-temperature furnace with a gas chro-
matograph could be used to analyze for the oxygen evolved. Any other volatiles
in the rocks could be measured at the same time using this type of equipment.

The detection of fumaroles or volcanic gas vents with a pressure

gauge and their evaluation as sources of water, CO,, HCt, HF, H,S, SO,, and

503. by gas chromatrography were considered in the foregoing under hazards.

The mass spectrometer also can be used for volatiles in the
free state or even in combined form if a suitable ion source is used.

Neutron logging techniques should be particularly useful in

detecting free water or ice deposits based on the high neutron scattering
cross-section of the hydrogen nucleus (Green, 1960).
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4) Solid Resources

Solid resources of possible lunar occurrence and use in lunar
base construction or support include iron-nickel meteorites, chondrites,
pumice, basalt, other possible dimension stone or aggregate, " sulfur and
other volcanic sublimates, and hydrothermal vein materials. Many of
these may be difficult to recognize by visual or hand tests under the difficult
conditions of lunar exploration, and instrumental methods of compositional
testing may be useful for identification. X-ray diffraction, X-ray fluorescence
and neutron activation analysis should be valuable in this regard.,

The known principles of geochemistry in igneous differentiation
may be used to predict possible ore deposits, For example, the presence
of certain rock types such as granites or rhyolites indicates that igneous
differentiation has occurred, and it is quite likely that certain types of
hydrothermal ore deposits might be found nearby, Itis beyond the scope
of this work to go into detail as to the types of ore associated with specific
rock types, but this information is available in standard texts and reference
books such as Bateman (1950) and the Lindgren Volume (Finch, ed., 1933),

Careful analysis and interpretation of the first APOLLO samples
returned to earth will provide the very important first step to judge the
possibilities of using lunar materials for base construction and support. The
primary utility of compositional tools on the moon's surface will come later
when longer stay times and increased mobility permit exploration of larger
areas,

Trace analysis of lunar surface samples may be useful as a
guide to possible concealed mineral deposits. Hydrothermal deposits often
have a '"halo" or zone of abnormally high metallic element content surrounding
them for some distance. This primary geochemically anomalous region is much
larger than the visible ore mineralization and therefore easier to find when
systematic sampling patterns are employed. Hawhes and Wbk {1042) sum.
marized this approach to minerals prospecting on the earth, It is quite
possible that modifications of the analytical procedures suitable for lunar
application could be developed utilizing emission spectrometry, gamma ray
spectrometry or other trace element techniques.

d. Origin and History of Lunar Surface
The mode of origin and the history of lunar materials have

determined their present composition and therefore, analysis of the composition
provides a starting place from which to work backward to interpret lunar




history. The information gained from the first few lunar samplings and
observations will be a tremendous step forward from our present status ‘
of knowledge. However, experience in interpreting earth history has shown

that many more steps will be required before the fundamental questions of

origin and history are answered to the satisfaction of the majority of scientists.

1) Composition of Soil and Bedrock

Two major theories for the origin of the larger lunar surface
features contend that they are due to either volcanic activity or meteoritic
impact. These theories would imply different mineralogical and chemical
compositions for the majority of the surface samples and could be
differentiated instrumentally based on:

e Mineral content by X-ray diffractometer

e Major chemical element content by X-ray spectrometer,
neutron activation analyzer, alpha scattering spectrometer, etc.

e Minor chemical elem